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1 INTRODUCTION 
 
Small sized particles of potentially toxic metals (PTMs) from industries and fossil fuels are 
released and spread in the atmosphere, and then deposited on the soil. In addition, intensive 
agriculture directly contributes to the accumulation of these particles in the soil surface. 
Industrialization and fast urbanization are the main culprits for the growing concentrations 
of PTMs in the environment.  
 
In the last 30 years, a large number of studies were done on soil composition, which allows 
us to understand how the biogeochemistry of the trace elements influences the environment 
and human health. Researchers introduced some standardized tests to determine the content 
of trace elements in soil, plants and human and animal blood tissues (Hooda, 2010). 
One of the most polluted areas with PTMs in central Slovenia is the Celje region. 
Contamination of the soil is due to metallurgical activities from the former Zn smelter 
which has been active from 1874 to 1970. In 1912, the production expanded to production 
of Zn and Pb oxides and Bi salts. Since 1970, the company gradually moved from 
metallurgical activity to chemical processing. Today it is one of the major companies in 
Slovenia with titanium dioxide (TiO2) as a main product (Voglar and Leštan, 2010;   
Company, 2017). 
The past metallurgical activities of Cinkarna Celje have been the main source of soil 
pollution with Zn, Cd and Pb (Ţibret, 2012). The consequences of these activities are still 
reflecting on the environment of the Celje region (Voglar and Leštan, 2010). 
The PTMs particles released in the atmosphere were spread in a radius of 20 km from the 
smelter. Considering the smelter’s location is near the city center, it poses a serious public 
health risk. Due to children’s hand-to-mouth behavior, they are easily exposed to the 
polluted soil, especially in places like playgrounds of kindergartens, etc. In fact, the most 
common pathway of introduction of PTMs in their bodies is through direct intake of the 
contaminated soil (Ţibret, 2012; Ţibret and Šajn, 2008). 
Over the last few decades, human awareness of these hazardous elements has grown, 
resulting in the invention of numerous remediation techniques that aim to reduce the 
concentration of PTMs in the soil, as well as their availability and bioavailability (Khalid 
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1.1 THESIS PROPOSAL  
 
Samples of contaminated soil from 13 kindergartens in Celje will be remediated with the 
following methods of treatment: phosphate stabilization method (apatite), chelating ligand 
ethylenediaminetetraacetic acid (EDTA) extraction, hydrochloric acid (HCl) extraction, 
and physical separation of usually the most polluted fine soil particles. We will investigate 
the effectiveness of the removal of PTMs such as Zn, Pb and Cd from the soil, as well as 
their biological availability from the simulated human gastric and intestinal phase. 
1.2 HYPOTHESIS  
 
Methods of soil remediation, effectively mitigate danger posed by the potentially toxic 
metals. 
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2 REVIEW OF LITERATURE 
2.1 TRACE ELEMENTS AND POTENTIALLY TOXIC METALS 
As a result of the weathering process of parental material some elements in soil are present 
in very low concentrations. Every element present in the earth’s crust for 0.1 % or < 1000 
mg kg-
1
 is called a trace element (Wuana and Okieimen, 2011). Soil is a heterogenic 
medium which also contains metals. Every metal with density of > 5 g cm
3
 is called a 
heavy metal. PTMs belong to the group of trace elements because their level of presence is 
very low in the earth’s crust (Hooda, 2010). 
Human activities in the last few decades have accelerated the whole process and 
transferred enormous amounts of PTMs from the mines to different locations, the soil 
being the main place for deposition. The concentration of PTMs in the soil is currently 
very high, compared to concentrations before the development of the industrial production 
(Wuana and Okieimen, 2011).  
Some of the PTMs are hazardous for the environment and toxic for plants, animals and 
humans, but some of them are essential. When essential metal elements exceed their 
natural concentration, they can become potentially toxic metals (PTMs), and hazardous for 
the environment and human health. Their concentration is the main reason that allows us to 
understand their interaction, impact and toxicity (Hooda, 2010). 
 
Unlike organic compounds, PTMs are not susceptible to microbial and chemical 
degradation. Because they are weathering resistant, they will persist in the soil for decades, 
even centuries (Wuana and Okieimen, 2011). For instance, persistence of Pb is from 150 to 
5000 years after deposition in the soil (Khalid et al., 2016)  
Normative value for ten PTMs (Pb, Zn, Cd, Co, Cr, Cu, Hg, Mo, Ni, As) is prescribed in 
the Slovenian law and decree for hazardous substances in the soil. For our investigated 
elements, the limit, warning and critical values expressed in mg kg
-1
 of dry soil are: 85, 
100 and 530 for Pb, 200, 300, 720 for Zn and 1, 2, and 12 for Cd (Uredba o mejnih…, 
68/96). 
New methods of analysis have confirmed that higher than normal cocentrations of PTMs 
have negative impact on the environment. PTMs that are not essential for either plants or 
humans are also accumulated by plants. The accumulation happens because some elements 
are competitive with others, and when one element is more present than the other, it is 
accumulated by plants. The food chain allows PTMs to reach humans and animals in 
bigger doses than previously expected. Consequently, inhalation of small sized particles of 
PTMs, or intake of large amounts of food that contains high concentration, i.e., higher than 
recommended daily intake, can threaten human health (Khalid et al., 2016). 
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Kabata-Pendias and Mukherjee (2007) have described the behavior of PTMs within certain 
conditions and they came to a general conclusion. In oxidizing properties, pH < 3 and the 
absence of Fe particles, generally PTMs become more mobile.  In oxidizing properties, pH 
> 5 and presence of Fe particles, PTMs generally lose their mobility. In reducing 
properties, presence of hydrogen sulfide, and pH > 5, PTMs lose their mobility and in the 
same reducing properties but without presence of hydrogen sulfide, PTMs generally 
become more mobile. In soil: colloids, clay minerals, organic matter, secondary mineral 
oxides and hydroxides of Fe/Mn, because of their large surface area and binding ability can 
fix PTMs and can affect their mobility and behavior (Hooda, 2010). Colloids are soil 
particles with size of less than 1 μm. Due to their small size, they have large surface area 
which enables them to easily adsorb and accumulate significant amounts of clay and 
organic matter. Therefore, they have the biggest role in adsorbtion of PTMs and facilitate 
their transport in the soil (Liu et al., 2017). 
2.1.1 Lead (Pb)  
Lead is a chemical element which belongs to group 14, period 6 of the periodic table with a 
symbol Pb, and atomic number 82. Pb has two stabile oxidation states (  II and IV ), but in 
the environment it is usually found as divalent ion, Pb
2+
. Pb has a relative atomic mass of 
207.2 g mol
-1
 with considerable density of 11.35 g cm
-3
. Its atomic radius is 181 pm and 
relative low melting point is 327 ºC. As a result of its low melting point, softness and 
flexibility under sustained pressure, lead has been widely used through the history in 
building roofs and water pipes in many countries and cultures, even the primitive ones. Its 
name comes from the Latin word plumbum, which was used for water pipes made of lead 
and used in the Roman Empire (Hough, 2010). 
Lead is almost always combined with other elements, and generally cannot be found free 
in nature. Its most common combination is with sulfide - the ore galena (PbS). Other often 
found lead ores are: cerussite (PbCO3), anglesite (PbSO4) and pyromorpmite 
(Pb5(PO4)3Cl), which are highly insoluble. Correspondingly to its excellent ability to alloy 
with other metals, lead has been the primer material used to make battery plates. Further, 
the combination of lead/PbO2 was used for production of lead acid-accumulator batteries. 
A significant amount of lead concentration is also found in some paints, cement 
production, ceramics, pesticides, plumbing, cables, and in fuel-containing lead additives 
(Hough, 2010). 
In the earth’s crust, lead is a naturally occurring element 0.002 % (15 g/t), (Childhood lead 
…, 2010) where it is generally accumulated in the soil surface. Study of Kabata-Pendias 
and Pendias (2001) shows that Pb is less present in light sandy soils, and its concentration 
respectively increases in heavy loamy soils. It is found mostly bound to organic matter, but 
also associated with hydroxides, especially with Mg and Fe. Unpolluted soils contain < 
100 mg kg
–1
 Pb (Kabata-Pendias and Mukherjee, 2007). 
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2.1.1.1 Sources of contamination with Pb 
 
Mines, smelters and battery plants produce high levels of air emissions, and pollute areas 
nearby. (Järup, 2003) Air pollutants emitted by smelters contain PbS, PbCO3, PbCl2, (PbO 
· PbSO4), and PbO (Kabata-Pendias and Mukherjee, 2007). Over 50 % of the lead 
emissions in the 1970s and 1980s were from leaded petrol polluting the atmosphere. 
(Järup, 2003) Pollutants in the air from vehicles using leaded petrol were mostly halide 
salts, e.g., PbBr, PbBrCl, Pb(OH)Br and (PbO)2PbBr2, which were contaminating the 
atmosphere and the roadside soils. Pb particles from an automobile’s exhaust are between 
0.1 and 1.0 μm in size. In the 1990s, contamination with Pb became a real concern at a 
global level, so Pb additives were banned in the more developed countries. Years after the 
ban of leaded petrol, laboratory tests are still confirming high concentrations of Pb in 
roadside soils (Kabata-Pendias and Mukherjee, 2007). The most common use of Pb is in 
lead-acid (starting, lighting and ignition (SLI)) batteries, which are used worldwide (Järup, 
2003).  
 
2.1.1.2 Plants and Pb  
It is commonly known that plants do not accumulate Pb. However, if the concentrations are 
very high it is possible for an uptake to happen. Recent studies have shown that Pb is not 
accumulated in fruity parts of vegetables or fruits, but only in leafy plants. It is also 
considered that soil with concentration < 300 ppm Pb is safe for gardening. Greater and 
more common danger represents Pb dust, which is deposited on the surface of plants, 
rather than the Pb accumulated in the plants (Wuana and Okieimen, 2011). 
 
2.1.1.3 Health risks in humans 
Lead is not an essential element for humans, although it is abundant in human tissue. Its 
concentration varies from < 0.2-4.8 mg kg
–1
. Absorbed Pb first comes in blood, and then in 
soft tissue (especially liver and kidneys) and lastly in bones (Kabata-Pendias and 
Mukherjee, 2007). The bond of Pb and blood lasts for about a month, i.e. the half-life of Pb 
in the human body is one month. Its elimination from the blood is through the urine. The 
life span of Pb stored in the skeleton is 20 to 30 years, after which it is released in the 
blood, especially when humans develop osteoporosis (Järup, 2003). 
 
It is impossible for the human body to contradistinguish Pb and Ca, so consequently, 90 % 
of accumulated Pb can be stored in bones and teeth by the same mechanism of storing Ca. 
The exposure of Pb comes from food, water and air. Adults toxify themselves with Pb 
through inhalation. At the highest risk are workers at Pb-Zn smelters and mines (Kabata-
Pendias and Mukherjee, 2007). They receive only 10-15 % Pb through food and air (Järup, 
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2003). The main pathway for children mostly comes from digestion of soil (Kabata-
Pendias and Mukherjee, 2007). Up to 50 % comes via gastrointestinal track because of 
their behavior to often place different objects or soil in their mouths (geophagia). Children 
do not have a fully developed blood brain-barrier, so they are more sensitive, and therefore 
more susceptible to brain injuries. Pb can easily pass and reach the brain which makes 
them more vulnerable than adults (Järup, 2003). Poisoning with Pb can affect children’s 
nervous system. Negative effects on the intelligence quotient (IQ), learning capability and 
intellectual capacity (Järup, 2003) are expected with exposures beginning from 
concentration of 5 μg dL-1 of Pb in the blood (Exposure to lead..., 2010).  Lead poisoning 
in humans may affect the nervous system, can cause kidney damage, as well as disturbance 
of hemoglobin synthesis which may lead to anemia (Järup, 2003). In men, lead poisoning 
affects the reproductive system, causing increased number of abnormal sperm. In pregnant 
women, risk of fetal loss or abnormalities of the baby are expected (Exposure to lead ..., 
2010). 
2.1.2 Zinc (Zn) 
Zn is a chemical element which belongs to group 12 and period 4 in the periodical system. 
It easily forms metal-metal bonds. Due to its solubility, its compounds are easily accessible 
and precipitate with carbonates or are absorbed by minerals and organic compounds 
(Kabata-Pendias and Mukherjee, 2007). Zn’s molecular weight is 65.38, melting point 
419.5 °C, boiling point 908 °C, and density 7.14 g cm-3. It is insoluble in water, and 
soluble in acetic, acid and alkali solutions (Eisler, 1993). It is mostly found as zinc 
chloride, zinc oxide, zinc sulfate and zinc sulfide. Zn is naturally present in the soil, with 
concentration between 10-300 mg kg
–1
 with the highest concentration found in calcareous 
and organic soils. Sorption of Zn in acidic soil depends on cation exchange sites while in 
alkaline soils depends on organic ligands. Also hydroxides of Al, Fe, and Mn are important 
on biding in some soils. While Zn is very mobile, organic compounds and clay fractions 
specifically in alkaline soils can hold Zn strong. Most common Zinc minerals contain more 
than 50 % of Zn. The most common ores of Zn are sphalerite and wutzite which have the 
same formula (ZnS), but different crystal structure. Zn ores contain various different 
elements and the most closely connection is with Cd (Kabata-Pendias and Mukherjee, 
2007).  
2.1.2.1 Sources of contamination with Zn 
The most common extracted and smelted Zn ore is sphalerite (Ţibret and Šajn, 2008). The 
primary use of Zn is in brass, alloys and galvanization. The environment receives Zn 
particles from anthropogenic sources, particularly: smelters, ore mines, corrosion of 
galvanized surfaces and erosion of the soil surface. (Eisler, 1993). 
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The beginning of the industrial extraction and refining of Zn, which happened in the late 
18
th
 century in Europe, initiated its anthropogenic environmental spreading. Its role in the 
industry is essential, such as corrosion protection on steel components, but also in 
chemistry when used as a catalyst in the production of products like pigments, lubricants, 
and pesticides (Kabata-Pendias and Mukherjee, 2007). 
2.1.2.2 Toxicity of Zn 
Because Zn is so essential for human and plant health, defining Zn pollution in soil is not 
as straightforward. Due to its significant role in plant metabolism, it is unlikely for soil to 
be Zn deficient. It is considered that plants have deficiency when soil contains less than 20 
mg kg
-1 
and possible toxicity when contains more than 400 mg kg
-1
, although the tolerance 
is quite high. Chlorotic and necrotic leaves are general symptoms of toxicity with Zn. 
Plants contain much lower concentration of Zn than meat and that explains why infants, 
children and vegetarians are groups that have risk of deficiency. Deficiency in humans is 
commonly correlated with infections, diarrhea, mental disturbances, skin lesions and blood 
disorders (Kabata-Pendias and Mukherjee, 2007). 
 
Zinc is essential trace element in the human body and its abundance is in the second place 
right after Fe. In people with anemia Zinc is of an utmost importance. It is present in all 
body tissues and bones, and the highest concentration is found in the prostate and eyes. An 
adult human body contains approximately 1.4–2.3 g Zn. It is the only PTM that is a 
cofactor for more than 300 enzymes. Zn has important biological roles as a catalyst and 
structural and regulatory ion. Zinc deficiency in humans can lead to a wide range of 
conditions as it affects the immune system and causes arteriosclerosis and anemia. 
Deficiency is particularly present in people with gastrointestinal and renal disorders 
(Chasapis et. al., 2012). 
 
Zinc has its primary effect on Zinc-dependent enzymes that regulate RNA and DNA. 
When it enters the gastrointestinal track, its soluble compounds are absorbed by the 
epithelial cells of the small intestine and with help of the portal plasma it is associated with 
albumin 68 %, macroglobulin and amino acids, and only 3 % is stored in the liver. A 
human adult’s kidneys filtrate approximately 2 g of Zn every day. Non diffusible Zn is 
excreted with feces around 0.3-0.6 mg day (Eisler, 1993). 
 
2.1.3 Cd (cadmium) 
Cadmium is a chemical element which belongs to group 12 in the periodical system. Its 
atomic number is 48, atomic weigh 112.4 g mol
-1
, density 8.65 g cm
-3
, melting point 
321.07 °C and boiling point 767 °C. In nature, more commonly occurs as a divalent ion.  
Pure Cd can rarely be found. It is found together with Zn and Pb ores. In nature, most 
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common ores in which can be found are: sphalerite, greenockite, octavite, and monteponite 
(Kabata-Pendias and Mukherjee, 2007). In the periodic table it is below Zn and both 
elements have similar structures (Eisler, 1993). Cd and Zn have almost identical properties 
(similar ionic structure, electronegativity), both elements belong to a chalcophile group. 
However, in acidic environment Cd becomes more available and mobile than Zn. They are 
competitive elements (Kabata-Pendias and Mukherjee, 2007).  
 
2.1.3.1 Sources of Cd pollution  
The production of Cd has started in the beginning of the 19
th
 century, first for 
electroplating and then from 1960 for production of nickel–cadmium batteries. It is also 
used for the manufacturing of polyvinyl chloride plastics or PVC (Exposure to cadmium..., 
2010). The main sources of Cd pollution are actually Zinc mining and smelting, for the 
reason that Cadmium is a co-product of the Zinc ores. Further, inappropriate municipal 
waste (Ni-Cd batteries and plastic) and smoking tobacco also contribute to Cd pollution. 
For industrial activities and further production of Cd containing products the only mineral 
which has importance is greenockite CdS. Due to geochemical similarities between zinc 
and cadmium, Cd mineral greenockite (CdS) is almost always associated with the most 
excavated Zn mineral, sphalerite (ZnS). Separation of these two minerals with geological 
processes in nature is not possible. That’s the main reason for pollution of Cd, i.e., it comes 
as byproduct from mining, smelting, and refining sphalerite ores of zinc. Cd pollution 
actually depends on the demand of Zn. Therefore, soil that is near-by smelters and Zn 
mines is polluted with Cd from atmosphere deposition. Airborne Cd particles are 
accumulating in the topsoil, approximately 15 cm in depth. Only 3 kg of Cd can be 
produced out of 1 t of Zn ores. In the industries Cd is used for production of the Ni-Cd and 
Ag-Cd batteries, as a stabilizer in different plastic materials, for protection from sunlight or 
heating, and in the production of some pigments. The concentration of Cd found in 
unpolluted soil ranges from 0.06-1.1 mg kg
–1
 (Kabata-Pendias and Mukherjee, 2007). 
2.1.3.2 Plants and Cd 
Cd may substitute Zn if it is present in high concentrations. Consequently can cause some 
metabolic issues in plants because it is not essential and until now it has not been proven 
that plants have any benefits from its intake. (Eisler, 1993) For plants, Cd is easily 
available, thus they are exposed to the risks involved with Cd absorption. Its concentration 
in plants varies between 20-350 μg kg–1. The highest concentration of Cd is accumulated in 
the plant roots and its concentration gradually decreses moving towards the leaves. Lower 
acidity increases its solubility in soil, and accessibility for plants. The accessibility of Cd, 
also depends on the species, as different plants have different absorption abilities. Stunting 
and chlorosis are the most common symptoms of Cd toxicity in plants. Also Cd is an 
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indirect inhibitor of photosynthesis, because it has influence on the stomatal breathing and 
dioxide uptake (Kabata-Pendias and Mukherjee, 2007). 
 
2.1.3.3 Cd and humans 
In the tissues of mammals it is present from 0.06 to 1300 mg kg
–1
. The highest 
concentration is found in kidneys and the lowest in their muscles. It is considered that 
cadmium is very toxic to humans, because it affects the enzymes, leading to changes in 
certain proteins in the body. Humans may intake Cd by inhalation, through food and 
smoking cigarettes. Excessive amount of Cd affects the skeletal system. The most famous 
illness is known as Itai-Itai (ouch-ouch) which occurred in Japan while rice fields were 
irrigated with highly polluted water containing Cd. People with deficiency of Zn are more 
likely to store more Cd in their body. The renal cortex of the kidney is the most exposed, 
and prolongued exposure to high amounts of cadmium will lead to its disfunction (Kabata-
Pendias and Mukherjee, 2007; Eisler, 1993). 
Tobacco accumulates high concentration of Cd in its leaves, so smokers are at higher risk 
of kidney and lungs toxicity than non-smoking population. Non smoking population 
receives Cd trough the food chain and by passive smoking. From recent research, the 
World Health Organization has provided information that the tolerable monthly intake of 
Cd is 25 μg kg-1 body weight. Cadmium can cause disturbance in calcium’s metabolism, 
resulting in formation of kidney stones and osteoporosis, especially in elderly women. It is 
proven that Cd is carciongenic. Workers in mines/smelters, people living near 
mines/smelters amd smokers are at the highest risk of exposure (Exposure to cadmium ..., 
2010).  
2.2 SOIL REMEDIATION 
PTMs are persistent and unlike organic compounds, they are not degradable. After 
deposition, they remain in the soil for too long, which presents a threat to human health. It 
is very important to find a suitable technique for remediation of the soil, which will be 
environmentally friendly and economically viable (Leštan et al., 2008). 
The easiest way to reduce pollution is by excavation and removal of the polluted soil, and 
placement of clean soil on the site of excavation. Dumping the polluted soil in another 
location, may cause another contamination if it is left untreated, so this solution is used 
only in exceptional cases, when there is no other option. This method is not very suitable 
for agricultural land, because if used, the fertile soil would be lost (Khalid et al., 2016). 
 
Due to the non-biodegradable properties of the PTMs and their long persistence in soil, it is 
necessary to find the best solution to reduce their availability and mobility. This shall be 
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accomplished by means of chemical stabilization, or permanent removal from the soil 
using chemical or physical washing (Wuana et al., 2010). 
 
Soil remediation/stabilization can be performed in the original location (in-city), or soil can 
be excavated and treated in another location (ex-city), in which case, after the treatment, it 
can be returned clean to the original location (Song et al., 2017). 
 
2.2.1 Chemical soil remediation 
Chemical remediation of the soil includes different types of amendments, which help to 
either immobilize, or extract and mobilize PTMs. The immobilization technique includes 
amendments which decrease the mobilility of the PTMs by complexation, adsorption, and 
precipitation. Being immobilized, PTMs are still present in the soil without changes in 
concentration, but are unavailable for plant uptake and non-leachable to underground 
water, thus unable to reach humans. In a long term, for example, when soil properties 
change, PTMs can become mobile again, because they are still present, and that is why 
after adding the amendments, monitoring is necessary. This technique involves 
solidification/stabilization. 
 
On the other hand, mobilization of PTMs from solid phase are released to soil solution by 
solubilization, desorption, chelation. With this technique PTMs become more mobile, 
bioavailable for plants and appropriate for removing by phytoextraction or soil 
washing/flushing. They will be extracted, and highly reduced, so the soil will be 
completely clean. The only disadvantage is that the contaminants are relocated to a 
different place, (the processed water) that requres to be further monitored and treated 
(Bolana et al., 2014).  
2.2.2 Soil washing 
Chemical washing of the soil usually involves washing agents like chelating agents, basis, 
acids and other additives. The washing technique has a mobilizing effect on the PTMs, 
which adds to the possibility for leaching the contaminants into the underground water or 
surrounding environment. Therefore, to avoid the risks associated with it, the washing 
technique is most commonly used ex-city (Peters, 1999).  
 
Soil washing is one of the most cost effective techniques for soil remediation. However, 
washing with water alone, removes only free cations, which are in very low concentrations. 
Thus, to increase the effectiveness of the cleaning, it is necessary to add chemical agents, 
which help the transfer of PTMs, from soil to solution (Leštan et al., 2008). The 
effectiveness of the agents depends on their ability to dissolve PTMss adsorbed on soil 
particles. Then, alongside with the dissolved PTMs, they are removed from the soil by 
11 
Joveska J. Feasibility of different methods of remediation of contaminated soils from kindergartens in Celje municipality.                  
    M.Sc.Thesis. Ljubljana, University of Ljubljana, Biotehnical Faculty, Department of Agronomy, 2018 
washing with water. By using this method, it is expected PTMs to be removed and the 
properties of the soil to stay almost unchanged (Wuana and Okieimen, 2011). 
 
Chemical agents or extractants include surfactants, cosolvents, cyclodextrins, chelating 
agents (EDTA), organic and inorganic acids (HCl) (Leštan et al., 2008). Ex-city is more 
commonly used for soil washing because extracted PTMs can be easily manipulated after. 
Washing technique performed in-city is called flushing and represents a real risk of PTMs 
leaching in the underground water. Moreover, in chemical washing, the surface and 
interface tension in the soil and clay particles bring other difficulties for separation of 
PTMs from soil to solution (Wuana and Okieimen, 2011). 
  
Surfactants help in lowering the surface and interface tension in the soil, which is 
necessary for efficient release of contaminants from soil solid phase to soil solution. 
Nonionic surfactants have the highest solubilization capacity, compared to cationic and 
anionic surfactants, which are absorbed by soil particles or by cations of the soil 
respectively. Polyoxyethylene-(20)-sorbitan monooleate - Tween 80 (C64H124O26) is one of 
the most widely used nonionic surfactants. It has already been investigated in many 
research papers and has shown very good specification. Compared with other nonionic 
surfactants it is cheaper and environmentally friendly (Cheng et al., 2017). Surfactants 
intensify the solubility of hydrophobic organic compounds by separating them. 
Nevertheless, removal of PTMs using only Tween 80 surfactant is not possible since it 
does not contain negative charge. In order for the removal to be efficient, it is necessary to 
add chelating agent for PTMs extraction (Baziar et al., 2013). 
2.2.3 Washing with EDTA 
Chelating agents are ligands that form more fluent bonds with PTMs, then PTMs with soil, 
which is due to the presence of two or more electron donor groups in the chelating 
structure. Chelating agents desorb PTMs by making strong metal-ligand complexes 
(Leštan et al., 2008). When chemical separation is done and metal-chelating complex is 
formed, washing is necessary to remove the PTMs and the residues of the chelating agent 
from the soil (Peters, 1999). Chelating agents are often used in soil washing because they 
have low impact on soil’s properties, unlike acids, which degrade the crystal structure of 
the soil (Wuana et al., 2010). Ethylenediaminetetraacetic acid (EDTA) is one of the most 
efficient chelating agents for separation of contaminants from the soil solid solution. 
EDTA works by increasing mobility of cationic metals and then forming stable metal-
chelate complexes with them. Chelate-metal complexes have more stable bonds than the 
soil-metal complexes. After formation, metal-chelate complexes should be washed away 
from the soil, and thus permanently removed. EDTA is not a specific chelating agent, so 
essential micronutrients are removed from the soil together with contaminants (Zhanga et 
al., 2010). 
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EDTA has low cytotoxicity and genotoxicity and is not carcinogenic.  
The only weakness of EDTA is that it is slowly degradable and stays in the environment 
for a long period of time (Jez and Leštan, 2016). Large quantities of water are used to 
remove the chelate- PTMs complexes from the soil. Washing away the PTMs from the 
soil, transfers them in the water together with the EDTA. That way, the concentrations of 
PTMs in the soil are reduced. However, the processed water used for washing is polluted, 
and should be treated before being unloaded anywhere. Voglar and Lestan (2013) have 
developed a technique in which the processed water is recycled, PTMs are removed from 
the processed water and already used EDTA for remediation can be re-used multiple times. 
In a nutshell, this technique is an electrolytic treatment of the processed water, using 
substitution and precipitation reactions in the appropriate pH ranges. 
2.2.4 Washing with HCl 
The mechanism of acids is to decrease pH, dissolve soil aggregates where PTMs are 
adsorbed, especially carbonates and Fe/Mn oxides, and then to exchange H
+
 ions with the 
cations of the PTMs (Leštan et al., 2008; Moutsatsou et al., 2006). Acids extract PTMs 
from soil by dissolving soil carbonates and certain metal-bearing fractions, thus making the 
PTMs extractable and more mobile (Peters, 1999). Mineral dissolution caused by acids, 
leads to a negative impact on the chemical and physical structures of the soil aggregates 
(Jez and Leštan, 2016). It can also worsen the physiochemical properties and decrease 
soil’s productivity after remediation (Leštan et al., 2008; Moutsatsou et al., 2006). If soil is 
treated with acid, it will destroy its structure, lower its pH, and revegetation would not be 
possible without treatment (Peters, 1999; Udovic and Lestan, 2012) The pH of the acid 
agent plays the most important role in acid leaching because it is generally known that in 
lower pH PTMs become more mobile. Remediation of the soil with acid agents has certain 
mechanisms that can release metal phase from the strong bonds in the carrying phase. 
When the pH of the soil decreases, protons like (H
+
) react with silicate minerals and Al-
OH, Fe-OH and COOH groups and desorb metal cations from the soil to the solution 
(Dermont et al., 2008). 
2.2.5 Physical separation of the small sized soil particles  
Accumulation of PTMs in the soil depends on the size of the soil aggregates. The biggest 
and strongest adsorption is on the smallest aggregates, silt and clay, and consequently as 
the size of the aggregates increases, adsroption decreases, and it is the lowest on the largest 
aggregates, such as gravel and sand. Fine particles have larger specific surface area, and 
can accumulate heavier PTMs in comparison to sand or gravel. Therefore, PTMs are 
strongly adsorbed mostly on the clay particles, and their connection is dependent on 
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presence of organic matter, such as Mn/Fe oxides (Liao at al., 2016). Fine particles in the 
soil, are physically attached to larger particles, by adhesion (Peters, 1999).  
 
 
Figure 1: Ability for physical separation depending of the liberation extent of the metal (Dermont et al.,2008) 
Physical separation is not suitable for every type of soil. The separation of the metal phase 
from the carrying phase, mainly depends on the connection between them. PTMs can be 
included in carrying phase, associated with, weakly bounds on the surface, and liberated or 
free. The most difficult association for physical separation is when the PTM is included in 
the carrying phase and the most efficient is when it is bond on the surface, or is completely 
free (Dermont et al., 2008). Physical separation of the soil, includes separation of bigger 
particles from the smaller or fine particles. Since PTMs are adsorbed on the smaller 
particles, with this separation, sandy and gravel particles will become unpolluted, because 
loamy and clay particles together with colloids will be removed. Physical separation is 
appropriate only for sandy soils (Wuana and Okieimen, 2011). It is not recommended for 
soils with clay fraction containing more than 30 %, because together with PTMs it will 
come to reduction of large quantities of soil after separation (Liao at al., 2016). After 
treatment, larger, bigger particles such as sand and gravel, can be returned on site, while 
fine particles of the soil now highly concentrated with PTMs, should be treated further 
(Peters, 1999). 
2.2.6 Stabilization / immobilization  
One of the chemical stabilization techniques for decreasing the mobility and bioavailability 
of PTMs is immobilization of PTMs by adding amendments. Phosphorus amendments are 
very often used in the immobilization. When adding them into the soil they react with 
PTMs by making them immobile (Hashimoto and Taki, 2009). 
 
Stabilization agent Hydroxyapatite (HA) (Ca5(PO4)3(OH)) has low price and is very 
effective with minimum environmental impact. HA has different ways of immobilization 
of different PTMs especially cationic, and shows the best results in acidic soils. Interaction 
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with cationic PTMs, adsorption, precipitation, are the main mechanisms of making PTMs 
less mobile and more geochemically stabile (Waterlot et al., 2017).  
 
After adding HA, isomorphic substitution is the main mechanism of stabilization of Cd. In 
this reaction the most important is the size of ionic radius. The formula of HA contains 
Ca
2+
 which is close with the ionic radius of Cd
2+
 (0.097 nm) and Pb
2+
 (0.133 nm). 
Therefore cations which have ionic radius larger than the radius of Ca
2+
 (0.094 nm) have 
advantage to be incorporated in the structure of HA in comparison with those with smaller 
radius. Consequently, Pb
2+
 has bigger chance of isomorphic substitution in comparison to 
Cd
2+
 (Waterlot et al., 2017). 
 
Stabilization with HA is time and pH dependent. In the first 40 minutes ion exchange 
occurs between Ca from the apatite and Pb or Cd. After dissolution of HA, precipitation of 
Pb follows by forming hydroxypyromorpmite (Pb5(PO4)3OH) (Hashimoto and Taki, 2009).                                  
Precipitation is the main mechanism for immobilization of Cd and Pb and forming metal-
phosphate compounds. For instance, dissolution of HA after adding it in the soil will 
decreases pH, and the soil will become more acidic. That will help Pb to be released from 
the soil, favorizing the precipitation of Pb with apatite and forming hydroxypyromorpmite 
which is the most termodynamically stabile Pb mineral (Waterlot et al., 2017).  
2.3 IN-VITRO TEST FOR DETECTING ORAL BIOAVAILABILITY OF PTMs 
There are different in-vitro tests that can predict the risk of oral exposure from the 
environmental contaminants. These different tests cause difficulties when comparison and 
further research is needed. Considering the importance of having international, unique 
quantification tests, the Bioaccessibility Research Group of Europe (BARGE) after years 
of investigation and comparison, research and testing of the existing methods has chosen 
the most suitable one. The unified BARGE method (UBM) can predict how much of the 
bioavailable PTMs can enter the bloodstream after ingestion. Not all bioavailable PTMs 
from the soil can be absorbed through intestinal epithelium, only bioaccessibile PTMs can 
reach blood after biotransformation (Dermont et al., 2008). The method is faster and 
cheaper in comparison to in-vivo tests. Instead of using animals which is time consuming 
procedure and has ethical disagreement, UBM test uses daily prepared synthetic fluids for  
mouth (saliva), stomach (acid), bile and duodenal, and simulation of the gastro-intestinal 
track. This procedure takes approximately 5 h, including 1 h for the gastric phase followed 
by 4 h for the intestinal phase. The solution from the experiment is analyzed on Flame 
Atomic Absorption Spectrometer (FAAS) (Wragg, 2011; UBM procedure..., 2012). 
 
The in-vitro standard operating procedure (SOP) represents another way of predicting the 
bioaccessibility of PTMs. Unlike UBM, SOP simulates only the stomach using puffer 
glycine (C2H5NO2) as a stomach acid. This method is faster and takes less than 90 min. 
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Further, the concentration of the elements is determined on (FAAS).  Results are used for 
calculating the in-vitro bioaccessibility (IVBA), and afterwards for calculation of relative 
bioaccessibility (RBA), which serves as predictor of in vivo (RBA). At the end, soil 
coefficient is factored in, to calculate the absolute bioaccessibility (ABA) (Standard 
Operating Procedure ..., 2008). 
By using the results from ABA and with help of computer software developed by U.S EPA 
Integrated Exposure Uptake Biokinetic Model (IEUBK), we simulate and predict the 
concentrations of Pb in the bloodstream in a 3 years old child (Reference manual …, 
2002). Based on the recent research of children’s blood, and the health effects from the 
high pollution with hazardous elements including Pb, The Organization for Economic Co-
operation and Development has made regional and global agreement to take actions to 
lower the risk of Pb exposure. In 1997 by the Declaration of the Environment Leaders of 
the G8-countries on Children's Environmental Health, an agreement was signed, which 
states that limit value to be taken is less than 10 µg dL-1 of Pb in the blood, in infants and 
children. In places where the concentration exceeds limit value, further actions will be 
undertaken in order to reduce the environmental pollution and Pb exposure of children 
(Declaration of ..., 1997). By means of further development of analytical research of 
concentration of Pb and other hazardous elements form the environment, it is concluded 
that concentration of 10 µg dL-1 Pb in children’s blood has destructive impact on their 
health. Therefore, in September 2006, the Intergovernmental Forum on Chemical Safety 
with The Declaration of Brescia on Prevention of the Neurotoxicity of Metal has made a 
revision of the previous contract and instead of 10 µg dL-1, they reduced it to a 5 µg dL-1 as 
a temporary value. Until now there has not been a single evidence to show any positive 
effects of Pb on human health. On the contrary, many negative effects have been reported 
so far. It is expected that in the near future, as new analysis and research showcase Lead’s 
toxicity even further, it will be inevitable for the values to be reduced again (Rudnai, 2009; 
Landrigan et al., 2006). 
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3 MATERIALS AND METHODS  
Soil samples were collected from 0 to 30 cm surface layer from playgrounds of 13 
different kindergartens in municipality of Celje, Slovenia’s former Zinc mining area. We 
received approximately 3 kg of soil from each location.  
 
 
Figure 2: Map of Celje municipality, with marked kindergartens 
Table 1: Names of kindergartens from where the soil samples were collected 
Soil sample mark Kindergatens  
1. Kindergarten Tončke Čečeve - Unit Center 
2. Kindergarten Tončke Čečeve - Unit Gaberje 
3. Kindergarten Tončke Čečeve - Unit Ljubečna 
4. Kindergarten Tončke Čečeve - Unit Hudinja 
5. Kindergarten Zarja - Unit Mehurček 
6. Kindergarten Anice Černevje - Unit Sonce 
7. Kindergarten Zarja - Unit Ţiv Ţav 
8. Kindergarten Anice Černevje - Unit Mavrica 
9. Kindergarten Zarja - Unit Ringa Raja 
10. Kindergarten Ance Černevje - Unit Luna 
11. Kindergarten Zarja - Unit Čira Čara 
12. Kindergarten Zarja - Unit Iskrica 
13. Kindergarten Tončke Čečeve - Unit Aljaţev hrib 
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3.1 PREPARING SOIL FOR TREATMENT  
We sieved soil through a 2 mm sieve to remove stones and large particles, then thoroughly 
mixed and homogenized to ensure uniformity and set in the oven to get dry for a few days 
on 40 ºC. Air-dried soil was stored in a paper bags at room temperature. We decided to use 
six different treatments to reduce the PTMs in the soil.  
3.2 DIFFERENT METHODS OF TREATMENT FOR REDUCING PTMs IN THE SOIL 
3.2.1 Method 1. Remediation with washing solution CaEDTA (24 h) 
o 10 g of soil, sieved through 2 mm sieve from each location, was remediated in 
triplicate; 
o As washing solution we used chelation agent 100 mM CaEDTA, and deionized 
water for rinsing; 
o Remediation was conducted in 50 mL centrifuge tubes; 
o The tubes contained 10 g of soil and 10 mL of 100 mM CaEDTA (ratio 1:1); 
o In each of the tubes we put 10 little glass balls and added 1 drop surfactant 
(TWEEN 80). The glass balls and the surfactant were necessary to reduce the soil’s 
tension, and to help for easier breaking of the soil aggregates, as well as to avoid 
particles of soil to stick on the tube walls; 
o We ensured good mixing of the soil and the washing solution in vortex; 
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o The extraction time takes 24 h on 20 (rpm) on an end-over-end vessel; 
o After extraction of 24 h, the tubes with the samples were centrifuged in a 
centrifugation machine (ROTANTA 96 S) at a speed of 4500 (rpm) for 10 min. By 
centrifugation we achieved separation between soil particles and the remediation 
agent together with the extracted PTMs. After separation, the extracted solution 
was removed from the tubes; 
o To ensure that there was no residual of the extracted PTMs and CaEDTA, soil 
rinsing was necessary. For that purpose we used deionized water (soil–water ratio 
1:1). On the remediated soil in the tubes we added 10 mL deionized water, and 
tubes were well mixed in vortex, and then centrifuged at 4500 (rpm) for 10 min; 
After every centrifugation, deionized water with contaminants was disposed of. The 
procedure was repeated 3 times; 
o Rinsed soil was carefully removed from the tubes, placed in PTMs containers and 
set to dry in the oven at 105 ºC, until air-dry; 
 
3.2.2 Method 2. Remediation with washing solution CaEDTA (72 h) 
o The second method was remediation with 100 mM CaEDTA but because of the 
slower kinetics of CaEDTA washing solution, (Jez and Leštan, 2016) we wanted to 
examine if a prolonged extraction time would have an impact on the remediation 
and reduction of bioavailability of PTMs. Desorption of PTMs and metalloids from 
soil is a kinetic equilibrium process, therefore, extraction time plays a very 
important role in soil washing (Zou et al., 2009). Thus, instead of remediation of 24 
hours, we prolonged it, by increasing the extraction time to 72 h; 
o The same amount (ratio of soil and solution) as in the first method was used;  
o The procedure of rinsing the soil was also the same; 
3.2.3 Method 3. Remediation with washing solution HCl acid  
o 10 g of soil sieved through 2 mm sieve was used in triplicate; 
o 3 M HCl was used as washing agent, and deionized water for washing; 
o The extraction was conducted in 120 mL polyethylene centrifuge tubes. We chose 
this size of tubes to prevent solution loss, due to the reaction between the acid and 
the carbonates in the soil. The tubes contained 10 g of soil and 10 mL of 3 M HCl 
(ratio 1:1); 
o 10 small glass balls were also added in the tubes and 1 drop surfactant (Tween 80); 
o The procedure of remediation of the soil with HCl is almost the same as the 
previous two methods. The only difference is that the extraction time is only 2 h; 
o The adding of 3 M HCl to the soil was done very slowly, drop by drop, due to the 
reaction between acid and carbonates. After adding the acid, we left the tubes with 
soil and 3 M HCl opened for 5 min for the formation and release of CO2 to pass. 
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Once the first reaction passed, we closed the tubes with taps, and mixed them for 
10 seconds in vortex to ensure a good mixing of the soil and the acid. When all 
tubes were mixed we replaced the taps with parafilms and made one little hole in 
the center of each parafilm for the purposes of ventilation and discharge of formed 
CO2. 
 
Figure 4: Creation of CO2 after adding HCl on the soil 
 
o The tubes were set to extraction using shaker at speed of 700 (rpm), at room 
temperature for 2 h;  
o After 2 h of extraction, rinsing with deionized water and centrifugation at 4500 
(rpm) for 10 min followed; The extraction solution was removed; 
o Further for rinsing the soil we added 10 mL deionized water in the tubes, mixed the 
soil with the water in vortex. Further, the tubes were centrifuged at 4500 (rpm) for 
10 minutes. The procedure of rinsing the soil was repeated 3 times;  
o Rinsed soil from the tubes was carefully removed, placed in small metal containers 
and set in the oven to dry at 105 ºC; 
3.2.4 Method 4. Physical separation of small sized soil particles with wet sieving 
o 30 g of soil from each kindergarten was sieved through a 2 mm sieve and used in 
triplicate; 
o Deionized water, and 45 µm sieve for wet sieving was used. The amount of 
deionized water for washing varied from sample to sample from 0.7-1.5 L; 
o Particles that were falling through the sieve were < 45 µm and particles that stayed 
up on the sieve were > 45 µm, but <  2 mm; 
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Figure 5: Wet sieving trough 45 µm sieve 
o Washing with water was finished when the water passing through the sieve was 
clean, with no soil particles in it; 
o Water already used for washing, mixed with the soil particles smaller than 45 µm 
was placed into polyethilene bottles and centrifuged at speed of 4500 (rpm) for 10 
min. Once the separation of water and soil was done, used water was removed from 
the bottles. Soil particles smaller than 45 µm. settled at the bottom, were placed in 
little metal containers, and set to dry at 105 ºC. We did the same with the soil 
particles which stayed up on the sieve ( > 45 µm < 2 mm ); 
o After the soil was air-dried, we measured the ratio between the particles < 45 µm, 
and > 45 but < 2 mm; 
3.2.5 Method 5. Stabilization with hydroxyapatite (HA) 
o From each location we used 50 g of soil sieved through a 2 mm mesh, in triplicate;  
o As stabilization agent we used 1 % of HA - (Ca5(PO4)3(OH)); 
o Since the most important for this method is a good mixture, we have been gradually 
adding small amounts of soil and HA, and slowly mixing them until all 50 g of soil 
was mixed together with the 0.7 g of HA; 
o The mixture of soil and HA was placed in 100 mL plastic flasks perforated at the 
bottom. To avoid water loss, the flasks were situated in a petri-dish; 
o Flasks filled with the mixture were watered from above directly on the soil, and at 
the same time we added water in the petri-dish until the soil was well saturated; 
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Figure 6: Mixing the soil with hydroxyapatite and put on stabilizing for 14 days 
o When first reaction passed, we covered the flasks with parafilms to protect them 
from evaporation, and we left them to stabilize for roughly 14 days; 
o We checked humidity every day, and if it was needed we added water in the petri-
dish; 
o After 14 days, we opened the flasks, took approximately 10 g of soil from each 
flask, placed the soil in a little metal containers and set in the oven at temperature 
of 105 ºC for a few hours until air-dry; 
3.2.6 Method 6. Remediation with CaEDTA 72 h + Stabilization with (HA) 
o Method six was combination of the first method and the fifth method together. For 
this purpose we started with the fifth method; 
o 10 g of soil was used from each kindergarten in triplicates for remediation with 100 
mM CaEDTA. After the extraction period of 72 h and rinsing the soil was finished, 
we put the soil to dry on room temperature. Next, the soil was pressed through a 2 
mm sieve to recover the artificial soil structure, and achieve the same conditions 
and size properties as the soil which had been used in all previous methods; 
22 
Joveska J. Feasibility of different methods of remediation of contaminated soils from kindergartens in Celje municipality.                  
    M.Sc.Thesis. Ljubljana, University of Ljubljana, Biotehnical Faculty, Department of Agronomy, 2018 
 
Figure 7: Soil pressing through a 2 mm sieve to recover the (artificial) structure 
o After soil was sieved we mixed 10 g of soil, step by step, gradually adding soil and 
1 % HA. Put the mixed soil into small 50 mL flasks perforated on the bottom; 
o We were watering from above on the soil and beyond into the petri-dish until 
saturation and covered the glasses with parafilm. Then we left the soil with HA for 
14 days on stabilization, just as we did in the fifth method; 
o We checked the humidity and we added water in the petri-dish when needed; 
o After 14 days, we opened the flasks, randomly took approximately 15 g of soil 
from each flask,  placed the soil in little metal containers and set to dry on 105 ºC 
for a few hours until air-dry; 
3.3 IN-VITRO TESTS FOR ORAL BIOAVAILABLE PTMs  
We checked the bioaccessibility of the PTMs in the original soil and in the soil after 
remediation. According to Wragg et al. (2011), (Standard Operating Procedure..., EPA, 
2008) and the UBM procedure (2012), we used UBM and SOP in-vitro tests for evaluating 
the human risk associated with the ingestion of PTMs. PTMs can reach the human blood 
through the digestive system. 
  
First the original soil was sieved trough 2 mm sieve, set to dry in the oven and afterwards it 
was ground in agate mill and again sieved trough a 250 μm sieve. Additionally, after 
washing, stabilization, sieving, and drying at 105 ºC in the oven, all soil samples were 
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3.3.1 Gastric phase - Standard Operating Procedure (SOP) 
o As stomach acid we used 0.4 M glycine buffer solution, which was prepared by 
mixing 60.06 g glycine and 1800 L deionized water placed in a 2 L flask. Since the 
pH of glycine is quite high, acidifying to pH of 1.5 by addition of 37 % HCl was 
necessary to achieve the same pH as the stomach acid. When the solution was 
adjusted on pH 1.5 ± 0.05 was placed in the flask and deionized water was added 
up to to the 2 L mark; 
o 0.4 g of soil with particles size < 250 μm were placed in high density polyethylene 
tubes. 40 mL of prepared glycine buffer solution, pre-heated to 37 °C. was added to 
the soil sample. 
o Samples were hand shaken for 10 seconds simulating mouth and then placed in 
water bath equipped with an end-over-end rotator and agitated at 30 (rpm) at 37±2 
°C for 1 h simulating the stomach;  
o After one hour extraction, pH has to be measured; it should not be higher then 2;  
o Immediately after pH measurement, extraction solutions were filtered using a 0.45 
µm filter, placed in 50 mL plastic tubes and acidified by adding 0.5 mL of 65 % 
HNO3. The tubes were refrigerated at 4 °C until subsequent analysis. The entire 
procedure should not last longer than 90 minutes; 
o Afterwards all samples were analyzed with FAAS; 
 
3.3.2 Oral bioaccessibility of PTMs (in-vitro UBM test) 
o This procedure represents simulation of human gastro-intestinal tract, through 3 
different compartments: mouth (10 s), stomach (1 h), small intestine (4 h); (Wragg., 
2011) (UBM procedure ..., 2012) 
o For this test, four digestive fluids were made: saliva (S), gastric (G), duodenal (D) 
and bile (B). Each digestive fluid represents a combination of organic and inorganic 
solutions and specific enzymes. All digestive fluids should be prepared one day 
before their use. After preparation, each fluid was placed on magnetic extraction 
through the night. Before their use, we checked pH of each fluid and according to 
need we adjusted with 37 % HCl and 4 M NaOH. One hour before the beginning of 
the UBM procedure all fluids were placed in water bath at 37 ºC; 
o 0.6 g soil sieved through 250 µm was used from each soil sample in triplicate;  
o UBM test was preformed into polycarbonate extraction tubes; 
o In the tubes with soil we added 9.0 mL of saliva solution with (pH 6.5 ± 0.5). The 
suspension was manually shaken  for 10 s simulatting mouth; 
o We added (13.5 mL) of gastric solution with pH (1.1-1.2); the tubes were also 
manually shaken for 10 s; 
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o The polycarbonate extraction tubes were then placed in an end-over-end shaker in a 
thermostatically controlled water bath at 37 °C for 1 h  simulating the stomach. We 
checked  pH every 15 min and adjusted to (pH 1.2–1.5);  
o After 1 h the stomach phase was completed. The pH was checked again and if the 
solution was under pH 1.2 or above pH 1.5, the procedure was restarted. If pH was 
between 1.2 – 1.5, the procedure continued with the simulation of the intestinal 
phase; 
o We added 27 mL of duodenal solution with (pH 7.4 ± 0.2) manually shaken for 10 
s and 9.0 mL of bile solution with (pH 8.0 ± 0.2) also manually shaken for 10 s. We 
measured pH and adjusted if neceserry to (pH 6.3 ± 0.5); 
o The tubes were returned to the water bath for a another 4 h, simulating small-
intestine; 
o Immediately following the 4 h incubation, pH was measured, extraction solutions 
from the tubes were transferred to centrifuge tubes of 50 mL and were centrifuged 
at speed of 4500 rpm for 15 min; 
o The supernatant was collected in plastic bottles and acidified with 1 mL 65 % 
HNO3 and stored at 4 °C until analysis. All extractions were prepared in triplicate 
and with reagent blanks. As reagent blank we used only the prepared synthetic 
fluid, without soil; 
o Pb, Zn and Cd in the supernatant were later determined by FAAS; 
3.4 ACID DIGESTION  
o Soil from all remediation methods and the original soil, was ground in agate mill 
and sieved through 150 µm sieve.  
o Then we weighed 0.5 g of each soil sample into the reaction vessels, and every soil 
sample was slowly poured with aqua regia solution consisting of 7.5 mL HCl and 
2.5 mL HNO3 in 3:1 ratio (v/v).  
o We closed the reaction vessels and placed them in a microwave digestion system 
(MARS 6).  
o The microwave program was set to heat the samples slowly from a room 
temperature to 175 ºC. When the temperature in the vessels reached 175 ºC, the 
program maintained that temperature for about 15 minutes, after which 45 min. of 
cooling time followed.  
o When the program was completed, the suspension from the vessels was poured and 
filtered through (satorius stedium; dia 125 mm (391)) filter paper in 25 mL flasks. 
When all suspension flowed through, we disposed of the filters and diluted with 
deionized water to a total of 25 mL volume.  
o We stored the samples at temperature of 4 ºC until analysis on FAAS was 
performed. 
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3.5 ANALYTICAL METHOD  
3.5.1 Measurement of pH 
pH of the soil was determined by the method (SIST ISO 10390: 1996). The suspension was 
in a volume ratio 1:5 composed from 5 ml of air-dried soil, with particle size of 2 mm, and 
25 mL of 0.01 mol l
-1
 calcium chloride (CaCl2). The suspension was measured using a pH 
electrode. 
3.5.2 Determination of carbonates 
By a volumetric method (SIST ISO 10693: 1996), using 10 % HCl, according to the 
Scheibler we have determined the carbonates in the soil. 
3.5.3 Determination of organic matter and texture class 
With the method (SIST ISO 14235: 1999) modified by Walkley-Black we have determined 
the proportion of the organic matter. Also, by sedimentation pipette method (SIST ISO 
11277: 1998) modified by Janytzki 1986 we determined texture class. Measurments were 
performed in the laboratory of the Centre for soil and environmental science of the 
biotechnical faculty. 
3.6 DETERMINATION OF PTMs  
For approximating the concentration of the PTMs in the original and remediated soil, we 
used X-Ray Fluorescence (XRF) Spectrometer (XRF, Delta DS-4000, Olympus Innov-x, 
USA). For accurate analysis of the concentration of PTMs in extraction solutions we used 
Flame (acetylene/air) Atomic Absorption Spectrometer (FAAS) - (Varian AA240FS). The 
limits of quantification (LOQ) were 0.01 mg l
−1
 for Zn, 0.02 mg l
−1




3.7 STATISTICAL METHODS  
The Analyses were performed in triplicate and the results are presented as mean ± SD. The 
data was calculated using Microsoft Excel. Using the computer program R-Commander 
and Duncan multiple range test, we determined the statistical significance (p < 0.05) 
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4 RESULTS 
4.1 PEDOLOGICAL PROPERTIES OF THE SOIL 
Tables from 2-14 present the pedological properties of the soil, before and after 
remediation. 




CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt (%) Clay (%) 
Original 6.7 19.4 4.6 51.74 32.69 15.57 
24 h CaEDTA 7.1 19.8 4.1 47.87 32.5 19.63 
72 h CaEDTA 5.9 16.6 3.9 42.75 36.46 20.79 
3M HCl 5.4 4.9 4.6 45.55 32.69 21.76 
Stabilization 7.0 9.4 4.6 / / / 
/ - data not available;  
Table 3: Characteristics of soil, before and after remediation from Location 2 
Method  pH CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt  (%) Clay (%) 
Original 6.79 7.00 5.7 25.92 50.39 23.69 
24 h CaEDTA 7.12 5.77 5.7 22.63 47.29 30.08 
72 h CaEDTA / 4.98 5.7 18.86 48.55 32.59 
3M HCl 2.8 1.64 5.6 21.86 55.42 22.73 
Stabilization 7.0 4.11 4.3 / / / 
/ - data not available;  
Table 4: Characteristics of soil, before and after remediation from Location 3 
Method  pH CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt  (%) Clay (%) 
Original 7.20 11.53 2.1 27.18 52.9 19.92 
24 h CaEDTA 7.29 9.89 2.4 25.24 50.48 24.27 
72 h CaEDTA / 9.12 2.3 / / / 
3M HCl 4.4 2.00 2.2 19.05 57.45 23.5 
Stabilization 7.41 11.00 2.2 / / / 
/ - data not available; 
Table 5: Characteristics of soil, before and after remediation from Location 4 




Sand (%) Silt  (%) Clay (%) 
Original 6.99 5.77 6.5 29.11 55.51 15.38 
24 h CaEDTA 6.66 6.18 5.8 32.11 48.55 19.34 
72 h CaEDTA / 4.98 6.3 19.83 58.51 21.66 
3M HCl 2.6 1.00 6.7 26.98 59.19 13.83 
Stabilization 6.82 5.00 8.4 / / / 
/ - data not available;  
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Table 6: Characteristics of soil, before and after remediation from Location 5 
Method  pH CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt  (%) Clay (%) 
Original 7.07 4.12 2.2 28.53 45.94 25.53 
24 h CaEDTA 7.21 4.94 2.9 21.76 47.78 30.46 
72 h CaEDTA / 2.90 2.5 24.08 44.49 31.43 
3M HCl 2.8 1.00 2.7 25.73 50.77 23.5 
Stabilization 7.17 4.00 3.6 / / / 
/ - data not available;  
Table 7: Characteristics of soil, before and after remediation from Location 6 




Sand (%) Silt  (%) Clay (%) 
Original 7.05 17.71 3.4 66.05 24.08 9.86 
24 h CaEDTA 7.16 16.48 3.6 64.22 24.18 11.61 
72 h CaEDTA / 18.66 3.2 58.51 32.79 8.7 
3M HCl 5.7 4.00 2.4 64.51 26.4 9.09 
Stabilization 7.14 17.00 3.6 / / / 
/ - data not available;  
Table 8: Characteristics of soil, before and after remediation from Location 7 




Sand (%) Silt  (%) Clay (%) 
Original 7.13 11.94 4.3 38.97 46.62 14.41 
24 h CaEDTA 7.24 9.89 4.5 35.3 42.55 22.15 
72 h CaEDTA / 13.27 3.2 31.72 49.9 18.28 
3M HCl 3.1 2.00 4.4 33.46 44.87 21.66 
Stabilization 7.21 9.00 4.0 / / / 
/ - data not available;  
Table 9: Characteristics of soil, before and after remediation from Location 8 
Method  pH CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt  (%) Clay (%) 
Original 7.13 11.94 4.3 38.97 46.62 14.41 
24 h CaEDTA 7.24 9.89 4.5 35.3 42.55 22.15 
72 h CaEDTA / 13.27 3.2 31.72 49.9 18.28 
3M HCl 3.1 2.00 4.4 33.46 44.87 21.66 
Stabilization 7.21 9.00 4.0 / / / 
/ - data not available;  
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Table 10: Characteristics of soil, before and after remediation from Location 9 
Method  pH CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt  (%) Clay (%) 
Original 7.10 9.47 2.9 28.43 49.32 22.24 
24 h CaEDTA 7.14 9.47 2.9 22.24 53.09 24.66 
72 h CaEDTA / 4.98 4.0 / / / 
3M HCl 2.9 1.00 3.7 24.56 53.77 21.66 
Stabilization 7.13 8.00 3.2 / / / 
/ - data not available;  
 
 
Table 11: Characteristics of soil, before and after remediation from Location 10 
Method  pH CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt  (%) Clay (%) 
Original 7.29 13.59 3.2 53.58 35.11 11.32 
24 h CaEDTA 7.04 8.24 3.7 46.52 35.98 17.5 
72 h CaEDTA / 13.68 4.6 / / / 
3M HCl 5.0 1.00 2.9 53.19 32.01 14.8 
Stabilization 7.20 10.00 3.4 / / / 
/ - data not available;  
Table 12: Characteristics of soil, before and after remediation from Location 11 
Method  pH CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt  (%) Clay (%) 
Original 7.11 2.88 3.1 17.5 52.61 29.88 
24 h CaEDTA 7.28 2.88 3.7 10.83 48.36 40.81 
72 h CaEDTA / 3.31 3.9 6.19 50.97 42.84 
3M HCl 2.6 1.00 4.3 12.48 56.19 31.33 
Stabilization 7.25 4.00 3.5 / / / 
/ - data not available;  
Table 13: Characteristics of soil, before and after remediation from Location 12 
Method  pH CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt  (%) Clay (%) 
Original 7.30 7.41 2.3 36.17 37.91 25.92 
24 h CaEDTA 7.28 7.41 2.4 27.56 40.43 32.01 
72 h CaEDTA / 11.57 3.2 / / / 
3M HCl 2.9 1.00 2.5 29.88 41.68 28.43 
Stabilization 7.34 6.00 2.4 / / / 
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Table 14: Characteristics of soil, before and after remediation from Location 13 
Method  pH CaCO3 (%) Organic matter 
Texture 
Sand (%) Silt  (%) Clay (%) 
Original 7.26 8.24 2.4 56.58 29.01 14.41 
24 h CaEDTA 7.24 6.59 2.2 50.1 29.4 20.5 
72 h CaEDTA / 5.37 1.6 41.97 37.62 20.41 
3M HCl 2.5 1.00 2.6 50.19 29.01 20.79 
Stabilization 7.30 8.00 2.1 / / / 
/ - data not available;  
4.2 THE POTENTIALLY TOXIC METAL CONTENT OF THE SOIL AND ORAL 
BIOAVAILABILITY, BEFORE AND AFTER REMEDIATION 
Tables from 15-27 present the total concentration and oral bioavailability of Zn, Pb, Cd 
assessed by (UBM) and (SOP), before and after remediation. 
 
Table 15: Concentration and availability of Zn, Pb, Cd in soil from Location 1 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestive fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
a, b, c –  different letters denote a significant difference among treatments, according to the Duncan test ( p < 
0.05)  
4.2.1 Concentration of PTMs in the soil before remediation 
Considering the values for limit, warning and critical emission levels of hazardous 
substances in the soil, specified by the Slovenian law and decree, we obtained the 
following results: After analyzing 13 original soil samples the results have shown that, the 
total concentrations for Pb are ranged from 40–1067 mg kg-1. Samples no. 3, 5 and 12 were 
below the limit value, most of the samples exceeded the warning value, and only sample 
no. 2 exceeded the critical value for Pb. The total concentrations for Zn are ranged from 
169-3998 mg kg
-1
. Only soil sample no. 3 has shown results below the limit value, six 
samples exceeded the warning value, and six samples exceeded the critical value for Zn. 
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Analyses have shown that total concentrations for Cd are ranged from 0.8-17.8 mg kg
-1
. 
Soil samples no. 3, 11 and 12 were below the limit value, most of the samples exceeded 
warning value, and only soil sample no. 2 exceeded critical value for Cd.  
 
Bioaccessible concentration of PTMs determined on FAAS using the UBM test showed 
that in the original soil samples no. 3 and no. 5, all investigated elements i.e. Pb, Zn and Cd 
were below the limit of quantification (blq). In most of the soil samples, concentrations for 
Cd were (blq), except for soil samples no. 2, 7, 8 and 9.  
 
By the other in-vitro test (SOP) we simulated stomach phase using only synthetic gastric 
juice, (Wragg…, 2011) and used FAAS to determine the concentrations of PTMs from the 
original soil in the simulated stomach environment. In comparisment with the UBM test, 
SOP test showed  higher bioaccessible concentration, which is due to the lower pH present 
in the stomach (in our case the puffer glycine with pH 1.5). Due to low pH, PTMs become 
more mobile. However, that does not mean they are bioaccessible for humans. Ingested 
soil travels further from the stomach into the small intestine. There, bile and digestive 
juices, having higher pH, make the PTMs less bioaccessible and therefore unable to cross 
into the bloodstream.  
Table 16: Concentration and availability of Zn, Pb, Cd in soil from Location 2 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestive fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
a, b, c –  different letters denote a significant difference among treatments, according to the Duncan test ( p < 
0.05) 
 
4.2.2 Removal efficiency of 100 mM CaEDTA with extraction time of 24 h 
The total concentrations for Pb after remediation with CaEDTA for 24 h are ranged from 
39-629 mg kg
-1
. Reduction efficiency for Pb in all soil samples varies from 3-50 % for Pb. 
Only soil no. 2 exceeds critical value. Total concentration for Zn after remediation is 
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ranged between 237-3014 mg kg
-1
, and the removal efficiency varies from 11-34 %. Soil 
samples no. 3 and no. 12 had increased concentration after remediation. This situation can 
be as a result of an incomplete soil washing during the remediation procedure, and 
sometimes depends of the soil fraction where the PTMs is associated with. (Jelusic et al., 
2013) Soil samples no. 2, 6, 7 and 9 still exceed critical value for Zn after treatment. And 
total concentrations for Cd after treatment are ranged from 0.2-7 mg kg
-1
, removal 
efficiency is from 42-78 %. None of the samples exceeded critical value after treatment.  
 
The in-vitro UBM test has shown that this method reduced the bioaccessibility from 12-74 
% for Pb, 28-62 % for Zn, and for Cd from 79 % - (blq). In soil samples no. 3 and 12, 
despite showing increased total concentrations, Pb, Zn and Cd were not bioaccessible for 
humans. Probably PTMs in these samples are associated in some fraction and are not very 
mobile, therefore they are not bioaccessible. 
 
The bioaccessible PTMs received with the in-vitro SOP in the stomach were reduced from 
14–73 % for Pb, from 9–59 % for Zn and from 57 %-(blq) for Cd.  
 
Table 17: Concentration and availability of Zn, Pb, Cd in soil from Location 3, before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestive fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 





















Originalna tla 169 ± 17
b
73 ± 31





24h CaEDTA 237 ± 61
a
59 ± 15
ab blq 39 ± 13
a
13 ± 12
bc blq 0.5 ± 0.1
b blq blq
72h CaEDTA 166 ± 27
b
33 ± 5
c blq 22 ± 8
bc
17 ± 6
bc blq 0,4 ± 0,2
b blq blq
3M HCl 142 ± 11
b
28 ± 17
c blq 13 ± 4
c
9 ± 3
bc blq blq blq blq
Vodeno sejanje 174 ± 17
b
47 ± 17
bc blq 32 ± 3
ab blq blq 1 ± 0.3
a blq blq
Stabilizacija / 36 ± 5
c blq / 31 ± 4
ab blq / blq blq
72h CaEDTA 
+Stabilzacija
/ 34 ± 4
c blq / 11 ± 1
bc blq / blq blq
Zn (mg kg
-1
) Pb (mg kg
-1
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Table 18: Concentration and availability of Zn, Pb, Cd in soil from Location 4 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestive fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
a, b, c –  different letters denote a significant difference among treatments, according to the Duncan test ( p < 
0.05)  
4.2.3 Removal efficiency 100 mM CaEDTA with extraction time of 72 h 
In all of the 13 samples, the total cocentrations of Pb after treatment with 100 mM 
CaEDTA washing solution and extraction time of 72 h, have ranged from 22-416 mg kg
-1
. 
Remediation efficiency in percentages has ranged from 27–68 %. After remediation, none 
of the samples exceeded the critical value for Pb.  
 
For Zn, the total concentraions after treatment have ranged from 166-3061 mg kg
-1
, and 
removal efficiency varies from 2–35 %. Soil samples no. 1, 2, 6, 7 and 9 have still 
exceeded the critical value for Zn, but none of the samples increased concentration for Zn 
after remediation as in the previous method. 
 
For Cd, the total concentrations after treatment have ranged from 0,4-6 mg kg
-1
, and the 
removal efficiency varies from 45–77 %. None of the samples exceeds critical value.  
 
Bioaccessibility of the PTMs after remediation with 100 mM CaEDTA for 72 h 
determined with the UBM test, taking into account all remediated samples, show that the 
reduction of bioaccessible PTMs was more efficient with this method compared to 
remediation of 100 mM CaEDTA for 24 h.  
 
Most of the samples contain more than 50 % silt and clay that requires more contact time 
for extraction. Required time was enabled by prolonged extraction time for this method, 
and that’s why the reduction of PTMs was more efficient. Prolonged time was also 
welcomed for the slow kinetic of CaEDTA and also helped in removing PTMs. Reduction 
efficiency for bioaccessible PTMs with this method is from 43 %-(blq) for Pb, 44 %-(blq) 
for Zn and from 48 %-(blq) for Cd. Analyzed samples, from the in-vitro SOP, determined 
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on FAAS, has shown that bioavailable PTMs with this remediation method were reduced 
from 36–69 % for Pb, 23-59 % for Zn, and from 48–72 % for Cd.  
 
Table 19: Concentration and availability of Zn, Pb, Cd in soil from Location 5 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestive fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
a, b, c –  different letters denote a significant difference among treatments, according to the Duncan test ( p < 
0.05) 
Table 20: Concentration and availability of Zn, Pb, Cd in soil from Location 6 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestive fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
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Table 21: Concentration and availability of Zn, Pb, Cd in soil from Location 7 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestive fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
a, b, c –  different letters denote a significant difference among treatments, according to the Duncan test ( p < 
0.05)  
Table 22: Concentration and availability of Zn, Pb, Cd in soil from Location 8 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestive fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
a, b, c –  different letters denote a significant difference among treatments, according to the Duncan test ( p < 
0.05)  
4.2.4 Removal efficiency with HCl 
The remediation method by washing the soil with acid agent was firstly performed with 1 
M HCl with extraction time of 2 h. We used samples from no. 1-7 with no repetition. After 
remediation we checked on concentration of PTMs in the soil using XRF spectrometry. 
The results showed increased concentration of PTMs in all investigated soil samples. We 
did not continue the remediation for the rest of the samples from no. 8-13 with this 
molarity of HCl. Instead, we decided to increase the molarity form 1 M to 2 M HCl. We 
remediated all soil samples, in triplicate, with 2 M HCl, expecting better results this time. 
After remediation we checked PTMs concentration again by using XRF spectrometry and 
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the results were again, not so satisfying. The concentration of PTMs in some of the 
samples has increased, in others has stayed the same as in the original soil. So, we decided 
to increase the molarity one more time, now from 2 M to 3 M HCl. Increased molarity, was 
the reason for the success of highly reduced PTMs in the soil.  
 
After remediation with 3 M HCl, the total concentration for Pb ranged from 13-339 mg kg
-
1
, removal efficiency expressed in percentage ranges from 20–76 %. None of the samples 
exceeded the critical value.   
 
Zn total concentrations, after remediation ranged from 142-1115 mg kg
-1
, and the removal 
efficiency varied from 16–64 %. Only soil sample no. 2 and no. 6 exceeded the critical 
value. 
 
Cd total concentrations, after remediation ranged from 1.3-4 mg kg
-1
, and removal 
efficiency from 59 %-(blq). Most of the soil samples were (blq) for Cd, and none of them 
exceeded critical value.  
 
The results from the UBM test have shown that the bioaccessible PTMs were reduced from 
7 %-(blq) for Pb, 30 %-(blq) for Zn and (blq) for Cd, in all soil samples.  
 
Concentration of PTMs in the stomach, analyzed by the SOP, was reduced from 10–83 % 
for Pb, 25–86 % for Zn, and (blq) for Cd, in all soil samples.  
 
Table 23: Concentration and availability of Zn, Pb, Cd in soil from Location 9 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestive fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
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Table 24: Concentration and availability of Zn, Pb, Cd in soil from Location 10 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestiv fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
a, b, c –  different letters denote a significant difference among treatments, according to the Duncan test ( p < 
0.05)  
4.2.5 Removal efficiency with physical separation using wet sieving 
The total concentrations for Pb, after sieving, ranged from 32-2079 mg kg
-1
. Using this 
method, lead to increased concentration in some of the soil samples, with fractions bigger 
than 45 µm. This shows that some of the potentially toxic metals were adsorbed not only in 
the smaller fraction but also in the bigger fractions in different soil samples. The obtained 
results have shownin creased concentrations (in fractions > 45µm < 2 mm) for Pb, in soil 
samples no. 2, 5, 9, 11. In samples no. 7 and no. 12, the concentration after sieving, 
remained the same. Only soil sample no. 2 exceeded critical value for Pb. If we exclude the 
soil samples in which we had increased the concentration, the removal efficiency for Pb 
ranges from 19–48 %. 
 
Total concentrations for Zn (in fractions > 45µm < 2 mm) ranged from 163-2853 mg kg-1, 
and removal efficiency varied from 16–64 %. Four soil samples exceeded the Zn critical 
value after sieving. Only in soil sample no. 3 the concentration for Zn remained the same 
as before sieving and the remaining samples had reduced concentration after sieving.  
Total concentrations for Cd (in fractions > 45µm < 2 mm) were ranged from 1-23.2 mg kg-
1
, which is due to the big increase of concentration after sieving, for seven soil samples. 
Only soil sample no. 2 exceeded the critical value.  
 
Despite the results from the total concentration, physical separation with wet sieving, 
through 45 µm sieve, the UBM test showed that all bioavailable PTMs which were 
increased after sieving, were not bioaccessible for humans in case of ingestion. So the 
reduction efficiency of bioaccesibile elements after sieving was from 26 %-(blq) for Pb, 
35–89 % for Zn and only for Cd for sample 2 after sieving, increased bioaccessibility was 
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noticed. The rest of the samples i.e. no. 7, 8 and 9 had removal efficiency from 10–33 % 
for Cd.  
 
In-vitro SOP, has shown that in some soil samples, as a result of the increased total 
concentration of PTMs after sieving, bioavailable concentrations in the stomach were also 
increased as a result from the low pH, which in the stomach is around 1.5.  
 
By wet sieving,  bioavailable concentrations for Pb increased, for soil samples no. 2, 7, 9 
and 11 in fine particles > 45μm, and in other samples the removal efficiency after 
remediation was between 26 %-(blq).  
 
For Zn, in soil samples no. 9 and 11 bioavailable concentrations were also increased and 
for the rest of the samples removal efficiency has varied from 18–54 %.  
 
For Cd, in soil samples no. 2 and 9 the bioavailable concentrations after sieving were also 
increased and in the remaining samples reduction efficiency varied from 9-63 %.  
 
Table 25: Concentration and availability of Zn, Pb, Cd in soil from Location 11 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestiv fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
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Table 26: Concentration and availability of Zn, Pb, Cd in soil from Location 12 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestiv fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
a, b, c –  different letters denote a significant difference among treatments, according to the Duncan test ( p < 
0.05)  
4.2.6 Stabilization with hydroxyapatite  
Additional binding sites for the PTMs were made by adding hydroxyapatite, so PTMs in 
the same concentration are still present in the soil, but with decreased mobility and 
bioavailability. We did not make acid digestion for stabilized soil because the 
concentration of PTMs remains the same as in the original soil.  
 
By adding 1 % hydroxyapatite in the soil samples, and stabilizing it for 14 days, we 
managed to reduce the bioaccessibility of Pb from 20 %-(blq), 39 %-(blq) for Zn, and 13 % 
-(blq) for Cd. Bioavailable PTMs that were checked in the stomach in almost all samples, 
for Pb, Zn and Cd, showed insignificant increase of bioavailability in comparison to the 
bioavailability of the original soil, that we can say that the bioavailable concentrations are 
same as they were before stabilization.   
4.2.7 Combined method 
We have not performed acid digestion to the soil treated with the combined method 
because we have assumed that the concentrations of PTMs are probably the same as the 
ones obtained after remediation with 100 mM CaEDTA for 72 h. Washing with CaEDTA 
was not able to remove PTMs completely from the soil, so we added hydroxyapatite to 
remediated soil with purpose to make the residual PTMs less mobile and less 
bioavailabilable. 
 
The combination of the two methods, soil washing with chelating agent 100 mM CaEDTA 
with extraction time of 72 h, and soil stabilization by adding 1 % hydroxyapatite has 
shown reduction of bioaccessible PTMs from 62 %-(blq) for Pb, 46 %-(blq) for Zn, and 
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64%-(blq). Soil sample no. 4 has been the only exception, showing an unexpected increase 
of bioaccessible PTMs. 
 
By using the in-vitro (SOP), we noticed that the combination of using CaEDTA 72 h 
followed by stabilization, results with reduced bioavailablity for PTMs, from 32–76 % for 
Pb, 26 %-(blq) for Zn, and 63 %-(blq) for Cd. 
 
Table 27: Concentration and availability of Zn, Pb, Cd in soil from Location 13 before and after remediation. 
Oral bioavailability was assessed by in-vitro method for simulating the human digestive system (stomach and 
the intestinal phase), using synthetic digestiv fluids (Unified BARGE Method, UBM). Results are presented 
as means of three replicates ± s.d.  
 
/ - data not available;  
blq – below the limit of quantification; 
a, b, c –  different letters denote a significant difference among treatments, according to the Duncan test ( p < 
0.05)  
4.3 CONCENTRATION OF PB IN THE CHILD’S BLOOD (SIMULATION) BEFORE 
AND AFTER REMEDIATION    
With help of the IEUBK model, we assembled the data from the total concentration of Pb 
from the original soil and the results from the ABA, and we calculated the possible 
concentration of Pb in children’s blood in case they were exposed to that kind of soil in the 
environment. Toxicity threshold under Slovenian legislation as limit value for Pb in the 
blood is set to 10 μg dL-1 (Odlok o območjih …, 2007).  
 
In 1997, as limit value for Pb in a child blood it was initially set to 10 μg dL-1 by G8 
countries, but recent research data shows that concentration lower than 10 μg dL-1 still 
causes health problems in children. In 2006 with the Declaration of Brescia, limit value for 
concentration of Pb in the blood of children was set to be 5 μg dL-1 (Rudnai, 2009; 
Landrigan et al., 2006). 
 
Thus, in our samples, utilizing the IEUBK model we calculated the following results for 
the original soil. The highest value was measured for sample no 2 which had a 
concentration of 12.1 μg dL-1 Pb in the children’s blood, sample no. 6 had 5.9 μg dL-1 and 
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sample no. 7 had 5.8 μg dL-1. The rest of the soil samples were below the limit value of 5 
μg dL-1.   
 















Remediated soil  





3M HCl Wet sieving 
1 287 4.4 3.2 3.1 3.9 2.6 
2 1067 12.1 7.7 6.5 4.3 15.6 
3 40 1.5 1.3 1.2 1.0 / 
4 185 3 1.8 1.7 1.7 2.5 
5 87 1.9 1.5 1.4 1.2 1.8 
6 409 5.9 3.8 2.9 4.4 4.3 
7 468 5.8 3.8 3.8 2.0 6.6 
8 236 3.5 2.5 1.8 1.5 2.2 
9 309 4.5 3.4 2.6 1.8 5.7 
10 115 2.2 1.7 1.4 1.5 1.6 
11 127 2.4 2.0 1.8 1.4 3.8 
12 63 1.6 1.4 1.3 1.2 1.4 
13 136 2.4 1.6 1.5 1.3 1.8 
/ - no data available; 
After remediation with 100 mM CaEDTA 24 h the Pb in child’s blood in all samples was 
below the limit value of 5 μg dL-1, except for soil sample no. 2 in which Pb was reduced 
for 42 % and it was 7 μg dL-1. 
 
In all soil samples remediated with CaEDTA with extraction time 72 h, Pb was below the 
limit value except for sample no. 2 in which Pb in the child blood was reduced for 46 % 
and was 6.5 μg dL-1. 
 
After remediation with 3 M HCl the concentration of Pb in the child’s blood was below the 
limit value of 5 µg dL-1, in all soil samples.  
 
Increased total concentration of Pb in soil particles bigger than 45 μm after sieving, 
calculated with the IEUBK model, also showed increased concentration of Pb in the blood. 
Soil sample no. 2 had 15.6 μg dL-1, sample no. 7 had 6.6 μg dL-1 and sample no. 9 had 5.7 
μg dL-1.  
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4.4 RATIO BETWEEN PARTICLES OF DIFFERENT SIZE AFTER PHYSICAL 
SEPARATION OF THE SOIL FINES  
Particle size is very important parameter. Soil is a heterogenic source of different particles, 
and the technologies for physical separation have specific size, that represents a limiting 
factor by which the separation is developed. For instance, in our case, we used 45 µm sieve 
for our physical separation. So for example, particles with size between 45-50 µm can also 
contain big amounts of PTMs, so they will stay above, because of the sieve size, and that 
could be the reason for not heaving completely clean soil at the end of the physical 
separation.   
 
 
Figure 8: Ratio between particles < 45 µm and particles < 2 mm > 45 µm after wet sieving  
It is considered that smaller particles contain more potentially toxic metals, and if the soil 
contains large amount of silt and clay, i.e., more than 30–50 %, with the physical 
separation we can lose large amount of soil. This technique is ideal for soils which contain 
50–70 % sand. We already proved that wet sieving is feasible, only for samples with small 
amount of silt and clay, and large amount of sand. Large amounts of humic organic 
compound in the soil content also contains large amount of PTMs. Physical separation 
becomes unfeasible, if bonds between PTMs and soil particles of the large fraction, are 
very strong. Thus, PTMs can be present in the same ratio, regardless of whether they are in 























Soil < 45 µm Soil > 45 µm < 2 mm
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5  DISSCUSION  
5.1  THE MOST EFFICIENT METHOD FOR REDUCING PTMS FOR EACH SOIL 
SAMPLE  
Not all soil samples are the same or have the same properties. When making decision 
which method is the most suitable and efficient we need to consider soil characteristics.  
 
Calcareous soils are those which contain around 15 % of CaCO3 or more. Out of 13 
investigated soil samples, no. 1, 6 and 10 are with 19.4 %, 17.71 % and 13.59 %, CaCO3 
respectively. The same samples contained large amounts of sand, more than 50 %, i.e. 51 
%, 66 %, and 54 % respectively. Soil sample no. 13 also contains 57 % sand. The texture 
class of sample no. 1 is loamy and the other three samples have sandy loamy texture class. 
Soil no. 8 has the same proportion of sand and loam i.e. 39 %, and the texture class is 
loamy. The rest soil samples contain between 17–36 % sand, so the most common texture 
class we had for treatment was loam and silty loam. 
  
Average pH of all original samples is 7.1. After remediation with CaEDTA average pH 
was 7.2 which shows that the chelating agent does not influence pH of any sample soil. 
After remediation with HCl the average pH decreased to 3. It is considered that chelating 
agents like EDTA do not destruct the soil structure a lot like HCl does, and pH remains the 
same after treatment (Dermont et al., 2008). Calcareous soils after remediation with 3 M 
HCl had slightly lowered their pH which is in range 5-5.7 in comparison to the other non-
calcareous soils whose pH after remediation was around 3. The reason of low acid leaching 
efficiency in some of the samples can be explained with the big amounts of calcite that soil 
contained. On the other hand EDTA does not have problems with remediation of 
calcareous soils and has strong ability to form stabile complexes with cationic PTMs, but 
un-effective for anionic PTMs (Dermont et al., 2008). After stabilization method pH 
remains almost the same as in the original soil 7.2.  
 
Average organic matter in all 13 soil samples is 3.5 %, and after treatment remained almost 
the same without some big changes. 
 
Wet sieving was suitable and efficient for sample no. 1, 6, 8, 10 and 13, for reducing Pb, 
Zn and Cd, because they contained big amount of sand. In the rest of the samples that 
contained lower amount of sand, concentration of Pb increased in samples no. 2, 5, 9 and 
11. Sample no. 2 showed increased concentration for Zn. Concentration for Cd increased in 
almost all 13 samples that contained low concentration of sand. 
 
Soil washing by chemical agent 3 M HCl with extraction time of 2 h and 100 mM 
CaEDTA with extraction time of 24 and 72 h were effective in reducing the amount of 
PTMs for all samples no mater of the soil texture class.  
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Except the physical separation with wet sieving for soil no. 1, 6, 10 and 13 effective 
methods were also washing with CaEDTA 24 and 72 h, followed by HCl. Probably 
because of the relative high content of CaCO3 remediation with HCl was not so good like 
in the rest of the samples. For soil no. 8 the most effective method was 3 M HCl, followed 
by CaEDTA 72 h.  
 
Sample no. 2 was the most polluted of all samples, with 3998 mg kg
-1
 Zn, 1067 mg kg
-1
 Pb 
and 17 mg kg
-1
 Cd. Its texture class is silty loam and that explains why the concentration of 
Cd increased after sieving and that method is definitely not suitable for this kind of soil. 
Since the content of CaCO3 was not very high, the best reduction of the PTMs was with 3 
M HCl followed by CaEDTA with extraction time of 24 h and 72 h. 
 
Sample no. 3 contains the lowest amounts of potentially toxic metals 40 Pb, 169 Zn, and 
0.8 Cd. The content of CaCO3 does not exceed 15 %; however, it is not very low and it is 
11.53 %. The texture class is silt loam with 52 % of loam. So the most effective methods 
for PTMs reduction with no statistical differences between are CaEDTA 72 h, 3 M HCl. 
 
Soil sample no. 4 is also silty loam with 55 % of loam contents. Remediation efficiency by 
CaEDTA 72 h is better than 3 M HCl although there is no big difference and these 
methods are almost equally effective.  
 
Soil sample no. 5 has loamy texture class. Remediation with CaEDTA 24 h and CaEDTA 
72 h and 3 M HCl is equally effective.  
 
Soil sample no. 7 has loamy texture class and the best method for reducing PTMs is 3 M 
HCl followed by CaEDTA 72 h. 
 
Soil sample no. 9 has loam texture class, remediation with 3 M HCl and chelating agents 
are similar in their effectiveness.  
 
Texture class of soil sample no. 11 is silty clay loam with the lowest content of sand, only 
17.5 %, and very low content of CaCO3, 2.88 %. Methods such as CaEDTA 24 and 72 h, 3 
M HCl, and stabilization + CaEDTA 72 h are almost equally effective, without any 
statistically significant difference.  
 
Soil sample no. 12 has loamy texture class, and the same content of sand and loam of 37 
%. The most effective methods are wet sieving, CaEDTA 72 h and 3 M HCl. 
 
Nonetheless, comparing texture class of the soil, after remediation with CaEDTA, we can 
see that in some samples the texture class is a bit changed when using the method with 
longer period of extraction. That is considerable, because the soil is 48 h more physically 
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hit. CaEDTA can make strong bonds with cationic PTMs (Pb, Zn, Cd). It is fiseable for 
soils rich with fines, does not lower pH after remediation, it is cheap, and can be reused 
again for remediation, after electrolytic recycling of the processed water.   
 
However, 3 M HCl is a very strong acid. We have used high molarity because using 1 M 
and 2 M has failed to remove PTMs and it has increased their concentration instead of 
lowering. High molarity requires higher volume of 37 % HCl to achieve effective 
remediation for the same amount of soil. Furthermore, increased amount of acid increases 
costs and leads the method being too cost-intensive. However, besides reducing potentially 
toxic metals, the use of the 3 M HCl method lead to destruction of the basic condition of 
the soil. The average pH of the soil after remediation was 3, with no microbial activity left, 
making the soil unsuitable for agriculture. For further use of the soil to be possible, we 
would need to use neutralizers which would also increase the cost of the method.  
 
It is generally considered that because of the large surface area of the particles of silt and 
clay they can adsorb more PTMs, and under that assumption that we want to remove 
smaller particles from the soil so bigger particles will remain clean. So if we have soil with 
texture class silty clay and we remove all smaller particles, very small amount of clean soil 
will remain. Large amounts of soil will be lost and additional remediation will be required. 
 
There exist possibility of changing the chemical conditions in the soil after stabilisation, 
the PTMs can become mobile and bio-accessible again. Because of this condition the soil 
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6 CONCLUSION 
1. The most important thing we need to do when confronted with a polluted land is to 
determine the exact contaminants and the level of pollution, then to make accurate 
pedological analysis. The remediation method we chose should meet the following 
criteria: effective in reducing the bioavailability and bioaccessibility of multi metal 
contaminants, be economically acceptable, eco-friendly - without causing 
destruction of the soil structure and microbial activity, texture and pH, should not 
be time consuming, and should achieve long term effectiveness. 
 
2. EDTA-based soil remediation was feasible for all soil samples, no matter of the 
texture class. Soils with small sized fractions like silt and clay require longer 
extraction time. We can see that, efficiency is significantly increased when the 
remediation with CaEDTA has extended extraction time of 72 h. Also, this 
efficiency can be prescribed to the slow kinetics of this chelating agent.  
 
3. Soil washing by using 3 M HCl has given very good results in removing PTMs 
from the soil and in reducing oral bioaccessibility. The calcareous soil was the 
problematic one, since the acid could not decrease pH significantly. Consequently, 
the PTMs were not as mobile and hence, later they could not be removed by 
washing as good as in a non-calcareous soil.  
 
4. According to the results we can say that physical separation is feasible only for soil 
with large amounts of sand (more than 50 %). This method was efficient for soil 
no. 1, 6, 8, 10 and 13, considering their texture.The UBM in-vitro test, shows that, 
even though the results obtained from the acid digestion of the fractions > 45 μm 
show increased concentration of PTMs, they are not orally bioaccessible.  
 
5. Stabilization using 1 % hydroxyapatite was effective in reducing the oral 
bioaccessibility, but the PTMs were still present in the soil.  
 
6. Soil washing with CaEDTA with extraction time of 72 h and then stabilized with 1 
% hydroxyapatite was also effective in reducing the mobility and bioaccessibility. 
When compared to the method in which CaEDTA 72 h and stabilization with 
hydroxyapatite are performed separately, the increase of effectiveness is 
negliagable, whereas the cost is double. We have concluded that using the 
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7  SUMMARY (POVZETEK) 
7.1 SUMMARY 
Due to the 100 years of metallurgical industrial activity in the past, the soil of the urban 
area of Celje municipality remains highly polluted. The most common PTMs in the soil are 
Pb, Zn and Cd. Given that the PTMs after accumulation in the soil are persistent and not as 
easily degradable as organic substances, their concentrations in the soil still exceeds the 
warning and critical limit value prescribed in the Slovenian regulations for environmental 
safety.  
We were looking for the best solution for PTMs removal from the soil and reduction of 
their oral bioavailability. For investigation of oral bioavailability we used two in-vitro 
tests. One of them is Unified Barge Method (UBM) simulating the gastrointestinal track 
and the other one is the Standard Operating Procedure (SOP) simulating only the stomach. 
With the data from (SOP), and the IEUBK model we have predicted the concentration of 
Pb in a child’s blood. From 2006, with the declaration in Brescia, limit value for Pb in a 
child’s blood was set to be 5 µg dL-1. In Slovenia, the limit value for Pb in a child’s blood 
is 10 µg dL-1. As the most vulnerable group for intoxication with PTMs are children 
because they often place different object and soil in their mouth (geophagia). The total 
concentration of PTMs in the original soil was ranged from 40–1067 mg kg-1 for Pb, 169-
3998 mg kg
-1
 for Zn, 0.8-17.8 mg kg
-1
 for Cd. 
 
We used 6 different methods for reducing PTMs in the soil. The first and the second 
method were washing the soil, using chelating agent 100 mM CaEDTA with extraction 
time of 24 h and 72 h. We proved to be successful in reducing the bioavailable 
concentration of PTMs regardless of the time of extraction. But if we compare both 
remediations, better efficiency shows the one with a longer extraction time. Heavy soils 
like most of our samples need a longer contact time. Also, because of the slow kinetics of 
CaEDTA, the longer extraction time has proven to be more effective in the removal of 
potentially toxic metals. After remediation, the soil pH remains unchanged.  
The third method was washing the soil using 3 M HCl wich was very effective in reducing 
the total and bioaccessible concentration of PTMs for all samples, but at the same time 
very destructive due to causing the pH of the soil to decrease.  After remediation with 3 M 
HCl, the soil had an average pH 3, making it unusable for agricultural needs. Therefore, 
the need to use neutralizers to treat the soil, increases the cost to perform this method. The 
increase of molarity, results with increase of HCl needed, and consequently the method 
becomes very expensive.  
The forth method was wet sieving through 45 µm sieve. This physical separation was not 
effective for soil samples that contain large amounts of clay and silt.  
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The fifth method was stabilization with 1 % hydroxyapatite . With stabilization of the soil, 
we have succeeded in reducing the oral bioaccessibility of the PTMs, but their 
concentration remains the same, which means that if the chemical properties of the soil 
change, they can become mobile again, which requires soil monitoring to control the 
mobility of the PTMs, with which increase the cost.  
The last combined method washing with 100 mM CaEDTA for 72 h extraction time and 
then the same soil stabilized with 1 % hydroxyapatite was almost effective as the 
stabilization itself or the remediation with 100 mM CaEDTA. Given that the efficiency is 
almost same, this combined method is overly expensive because both methods separately 
have achieved approximately equal results. 
Our hypothesis "Different methods of soil remediation, effectively mitigate danger posed 
by the potentially toxic metals."  
 - can be confirmed, because all 6 methods behaved differently on each soil sample. We 
cannot say that all methods have been evenly effective with even success, equally 
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7.2 POVZETEK 
Zaradi pretekle 100 letne metalurške industrijske dejavnosti topilnice nekdanje Cinkarne 
(1874-1970) so tla urbanega območja občine Celje zelo onesnaţena. Najpogostejše 
potencialno nevarne kovine (PNK), s katerimi so onesnaţena tla, so Cd, Pb in Zn. Kovinski 
delci so bili razpršeni v atmosfero v premeru 20 km od topilnice. Glede na to, da so (PNK) 
obstojne in se ne razgrajujejo kot organske snovi, njihove koncentracije v zemlji še vedno 
presegajo opozorilne in kritične meje, predpisane v slovenski uredbi za varno okolje. 
(Uredba o mejnih …, 1996). 
Danes je območje v bliţini nekdajne Cinkarne poseljeno, na njem se nahajajo tudi številni 
otroški vrtci, parki in igrišča. Otroci so najbolj izpostavljeni tveganju onesnaţenih tal 
zaradi njihovega vedenja, npr. dajanja predmetov in zemlje iz rok v usta. Takšno vedenje 
imenujemo geofagija. Otroci absorbirajo večje koncentracije PNK v kri v primerjavi z 
odraslimi, kar lahko - poškoduje moţgane, ker še nimajo razvite pregrade med krvjo in 
moţgani. Tako pride do raznih bolezni in tudi do zaostalosti v razvoju otrok.  
 
V našo raziskavo smo vključili vzorce tal 13 otroških vrtcev iz Mestne občine Celje.  
Koncentracije kovin v vzorcih tal so bile od 40 do 1067 mg kg
-1 
Pb, od 169 do 3998 mg kg
-
1 
Zn in od 0.8 do 17.8 mg kg
-1 Cd. Cd in Pb v večini vzorcev presegata samo opozorilno 
vrednost, v vzorcu 2 tudi kritično vrednost. V vzorcih 1, 2, 6, 7, 8 in 9 so preseţene 
kritične vrednosti za Zn 
Uporabili smo 6 različnih remediacijskih metod, za zmanjšanje biodosegljivost PNK v tleh 
otroških vrtcev. 
Kot prvo metodo smo izbrali in-vitro pranje tal s kemijskim ligandom 100 mM CaEDTA s 
24 h ekstrakcijo. Ligandi tvorijo močnejše in bolj stabilne vezi s PNK, kar je posledica 
dveh ali več elektronov donatorjev.  
Za pranje smo uporabili 50 mL centrifugirke, z 10 g tal, presejanih skozi 2 mm sito. 
Vzorec tal smo prelili z 10 mL 100 mM CaEDTA. Dodali smo še 10 steklenih kroglic in 1 
kapljico detergenta Tween 80, da bi zagotovili dobro mešanje, zmanjšali površinsko 
napetost raztopine in da bi se izognili zastajanju tal na stenah centrifugirke. Z mešalnikom 
smo zagotovili dobro mešanje. Dobro premešane vzorce smo ekstrahirali 24 h pri 20 rpm. 
Po ekstrakciji smo vzorce centrifugirali na 4500 rpm (10 min). Ekstrakcijsko tekočino 
skupaj z odstranjenimi kovinami smo odlili. Tla smo spirali z 10 mL deionizirane vode. Po 
mešanju z mešalnikom smo postopek spiranja tal 3x ponovili. Po tretjem spiranju naj bi 
bila ekstrakcijska tekočina skupaj z dostopnimi kovinami v celoti odstranjena.  
Po kislinskem razklopu smo ugotovili, da smo z remediacijo zmanjšali skupne 
koncentracije PNK: 3-50 % Pb, 11-34 % Zn in 42-78 % Cd. Glede na visoko koncentracijo 
Pb, ki ga je imel vzorec 2, celokupne koncentracije nismo uspeli zmanjšati pod kritično 
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mejo. Vzorci 2, 6, 7 in 9 so prav tako ostali nad kritično mejo za Zn. Koncentracijo Cd smo 
uspeli v vseh vzorcih zmanjšati pod kritično mejo.   
Druga metoda je bila spiranje tal s 100 mM CaEDTA po 72 h ekstrakcije. Postopek je enak 
kot prej, spremenjen je le ekstrakcijski čas. Celokupna koncentracija PNK se je zmanjšala 
za 27-66 % Pb, 2-35 % Zn in 45-77 % Cd. Celokupne koncentracije Pb in Cd smo 
zmanjšali pod kritično mejo pri vseh vzorcih. Zn v vzorcih 1, 2, 6, 7 in 9 so ostali nad 
kritično mejo.  
V tretjem postopku smo za remedijacijo uporabili kislino. Mehanizem je zmanjšanje pH in 
sproščanje kovin iz talnih delcev, na katere so kovine absorbirane. V največji meri gre za 
razstapljanje karbonatov in izmenjavo kovin iz Fe/Mn oksidov. H
+
 ioni kislin, izmenjujejo 
katione teţkih kovin ter naredijo PNK bolj mobilne. 
Uporabili smo 1 M HCl. Postopek je bil podoben kot pri prvi in drugi metodi, edino razliko 
je predstavljal ekstrakcijski čas, ki je trajal 2 h. Remediacija ni bila uspešna, ker smo dobili 
v remediranih tleh povišane koncentracije PNK in bolj mobilne kovine namesto zniţanih. 
Zaradi tega smo se odločili, da povečamo molarnost iz 1 M na 2 M. Po remediaciji z 2 M 
HCl je bila situacija podobna kot z 1 M HCl, zato smo še enkrat povečali molarnost iz 2 M 
na 3 M. Po remediaciji s 3 M HCl smo uspeli zmanjšati celokupne koncentracije kovin: 
med 20-76 % Pb, 16-64 % za Zn in (pmd) za Cd. Pod kritično mejo smo uspeli zmanjšati 
celokupne koncentracije Pb in Cd pri vseh vzorcih. Samo vzorca 2 in 6 sta ostala nad 
kritično mejo za Zn.  
Kot četrto metodo smo uporabili separacijo manjših frakcij, kot sta glina in melj na kateri 
je vezanih največ kovin in sta bolj onesnaţeni od večjih frakcij kot je pesek.  
V ta namen smo uporabili 30 g tal, presejanih skozi 2 mm sito za vsak vzorec. Za 
separacijo manjših delcev smo uporabili 45 µm sito. Uporabili smo od 700-1500 mL 
deionizirane vode za vodno sejanje. Sejanje je trajalo za vsak vzorec različno toliko časa, 
dokler voda, ki je prehajala skozi sito ni postala bistra. Z vodnim sejanjem v frakciji > 45 
µm smo dobili zniţane vrednosti, za nekatere vzorce pa tudi relativno povišane celokupne 
koncentracije za Pb, Zn in Cd. Glede na to, da so PNK vezane na melj, glino in organske 
koloide, je za uspešno odstranitev PNK iz tal brez da bi izgubili velike količine zemlje, 
potrebno, da vzorci vsebujejo čim večji deleţ peska. Razlog za povišane koncentracije 
PNK v frakciji > 45 µm so visoke vsebnosti melja in gline ter nizke vsebnosti peska. 
Povišane celokupne koncentracije smo dobili v vzorcih 2, 5, 9, 11 za Pb, medtem ko so v 7 
in 12 ostale enake kot v originalnih tleh. Vzorec 2 je ostal nad kritično koncentracijo in je 
koncentracijo Pb po sejanju povečal dvakratno. Vzorci 2, 6, 7 in 9 so ostali nad kritično 
vrednostjo za Zn. V vzorcu 3 se je malo povečala celokupna koncentracija po sejanju. 
Koncentracije Cd so se povečale v vzorcih 2, 3, 5, 7, 9, 11, 12, v vzorcu 2 je koncentracija 
Cd ostala nad kritično vrednostjo. 
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Stabilizacija z 1 % hidroxiapatitom ne zmanjša skupnih koncentracij kovin v talnih 
vzorcih, ampak zmanjša dostopni del z vezavo in zvišanjem pH vrednosti. Tako kovine 
postanejo manj mobilne in dostopne za okolje, rastline in človeka. Uporabili smo 50 g 
zračno suhih tal presejanih skozi 2 mm sito. Počasi smo vmešali 1 % apatit v tla. Ko so bili 
vsi vzorci dobro premešani smo jih dali v perforirane plastične 100 mL čaše, ki so bile 
postavljene na steklene petrijevke. Vzorce smo z vodo namočili od zgoraj in kapilarno od 
spodaj do 100 % nasičenosti. Nato smo jih pokrili s parafilmom, da smo preprečili 
izhlapevanje. Čaše z vzorci smo za 14 dni inkubirali na sobni temperaturi. 
Testirali smo tudi kombinirano metodo, ki poleg pranja tal vključuje še imobilizacijo: Po 
remediaciji s 100 mM CaEDTA z ekstrakcijskim časom 72 h smo izvedli stabilizacijo z 1 
% apatitom. S stabilizacijo smo ţeleli doseči, da po ekstrakciji preostale kovine postanejo 
manj mobilne in biodostopne. 
Za določitev oralne biodostopnosti smo uporabili dve in-vitro metodi: UBM (Unified 
Barge Method), ki simulira celoten prebavni sistem in SOP (Standard Operating 
Procedure), ki simulira samo ţelodočno fazo. UBM in-vitro test simulira procese, ki se 
odvijajo v prebavnem sistemu. Uporabili smo 0.6 g tal, presejanih skozi 250 µm sito in jih 
izpostavili sintetičnim prebavnim raztopinam. Upoštevali smo naslednje zadrţevalne čase 
skozi prebavni sistem: usta (slina, zadrţevalni čas - 5 min), ţelodec (ţelodočna kislina, 
zadrţevalni čas - 1 h), črevesje (ţolčni in črevesni sokovi, zadrţevalni čas - 4 h). 
Inkubacija je potekala v vodni kopeli z rotacijskom mešalom za simulacijo črevesne 
peristaltike pri 37 ºC, kar predstavlja človeško telesno temperaturo. Koncentracije kovin, ki 
se sprostijo v suspenziji smo določili s FAAS. Koncentracije predstavljajo bio-
raspoloţljive potencialno nevarne kovine, ki lahko skozi prebavni sistem preidejo v krvni 
sistem. 
Standardni operativni postopek SOP je enostavenejši in-vitro test, ki simulira samo 
ţelodočno fazo in določa koncentracije kovin, ki se sprostijo zaradi nizke vrednosti pH 
ţelodčnih sokov. V ta namen smo uporabili 0.4 g tal in 40 mL 0.4 M glicina s pH 1.5 ki 
predstavlja ţelodčno kislino. Inkubacija traja 1 h v vodni kopeli z mešalom, ki simulira 
črevesno peristaltiko. Koncentracije kovin, ki so se sprostile v suspenzijo sintetične 
ţelodčne faze smo določili s FAAS. Ugotovili smo, da je zaradi nizkega pH prišlo do večje 
sprostitve kovin in posledično večjih koncentracij potencialno nevarnih kovin v 
ekstrakcijski raztopini v primerjavi z UBM testom. Če SOP postopek nadaljujemo s 
črevesno fazo, pH naraste zaradi ţolčnih in črevesnih sokov, ki imajo višji pH in tako se 
bio-dostopnost kovin zmanjšuje. 
Rezultati UBM testa so pokazali, da so bile vse metode uspešne pri zmanjšanju 
biodosegljivih kovin za ljudi. Biodosegljive koncentracije v črevesju po remediaciji s 100 
mM CaEDTA 24 h so se zmanjšale: od 12 %-(pmd) za Pb, od 10–62 % za Zn, in od 79 %–
(pmd) za Cd. Biodosegljive koncentracije kovin z remediacijo 100 mM CaEDZA 72 h so 
se zmanjšale: od 43 %–(pmd) za Pb, od 44 %-(pmd) za Z, in od 48 %-(pmd) za Cd. Z 
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remediacijo s 3 M HCl so se biodesegljive koncentracije kovin zmanjšale: od 7 %-(pmd) 
za Pb, od 80 %-(pmd) za Zn in (pmd) Cd za vse vzorce. V postopku vodnega sejanja 
katerega namen je odstranitev manjših delcev, ki so najbolj onesnaţeni bi pričakovali, da 
bo frakcija velikosti < 2 mm in > 45 µm, ki je ostala na situ imela manjše količine kovin. 
Po kislinskem razklopu se je pokazalo, da je nekaj vzorcev imelo povečane celotne 
koncentracije kovin. Verjetno so bile kovine različno vezane in ne samo na delce, ki so bili 
manjši kot 45 µm. Z UBM testom smo pokazali, da te kovine niso bio-razpoloţljive. S 
sejanjem smo zmanjšali koncentracije kovin od 26 %-(pmd) za Pb, od 35-89 % za Zn in od 
10-33 % za Cd. Edini vzorec, ki je imel povečane koncentracije biodostopnega Cd, je 
vzorec 2.  
S stabilizacijo z apatitom smo zmanjšali biodosegljive Pb od 27 %-(pmd), 39 %-(pmd) za 
Zn in od 13 %-(pmd) za Cd. S kombinirano metodo s 100 mM CaEDTA 72 h in 
stabilizacijo z 1 % hidroksiapatitom smo zmanjšali biodosegljive kovine: od 62 %-(pmd) 
za Pb, 46 %-(pmd) za Zn  in 64 %-(pmd) za Cd. 
S pomočjo rezultatov iz SOP smo izračunali in-vitro biodosegljivost (IVBA), relativno 
biodosegljivost (RVBA) in absolutno biodosegljivost (ABA). Rezultate iz absolutne 
biodosegljivosti (ABA) smo vstavili v računalniški programski sistem IEUBK, ki napove 
moţne koncentracije Pb v krvi 3 letnega otroka, za katerega domnevamo, da je daljše 
obdobje prebival v onesnaţenem okolju.  
Meja toksičnosti za Pb v otroški krvi je po slovenski zakonodaji 10 μg dL-1. Ta vrednost je 
bila določena z deklaracijo G8 leta 1997. V naslednjih nekaj letih je bilo dokazano, da je ta 
meja previsoka in da se zdravstvene teţave pri otrocih pojavljajo tudi pri niţjih 
koncentracijah. Zato je bila ta meja 2006 zniţana. Medvladni forum o kemijski varnosti je 
z Bresciansko deklaracijo postavil 5 µg Pb dL-1 kot začasno mejo.  
S pomočjo IEUBK modela in na osnovi preračunov za originalna tla smo ugotovili, da so 
koncentracije Pb v krvi 3 letnega otroka preseţene (nad 5 µg dL-1)  v primeru vzorecev 2 
(12.1 µg dL-1), 6 (5.9 µg dL-1) in  7 (5.8 µg dL-1). Z remediacijo tal s 100 mM CaEDTA z 
ekstrakcijskim časom 24 h in 72 h bi koncentracijo Pb v krvi triletnega otroka zmanjšali v 
vzorcih 6 in 7 pod mejo 5 µg dL-1. V tleh št 2 bi koncentracije Pb v krvi zmanjšalai na 7 µg 
dL
-1 
z CaEDTA ( 24 h ) in 6.5 µg dL-1 z CaEDTA ( 72 h ). V tleh remediranih s 3 M HCl 
bi bil Pb v krvi pod mejno vrednostjo. Pri vodnem sejanju bi se pojavile povečane 
koncentracije Pb v krvi v primeru talnih vzorcev 2 (15.6 µg dL-1), 7 (6.6 µg dL-1)  in 9 (5.7 
µg dL-1).  
Rezultati potrjujejo hipotezo “Različne metode remediacije različno učinkovito 
zmanjšujejo nevarnosti, ki jih povzročajo potencialno nevarne kovine v tleh“ Ne moremo 
reči, da so vse metode enako učinkovite, cenovno ugodne ali ekološko prijazne. Vsaka 
metoda vsebuje prednosti in slabosti. Remediacija tal s 100 mM CaEDTA se je pokazala 
kot uspešna pri zmanjšanju biodosegljive koncentracije kovin. Če primerjamo obe 
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remediaciji, je učinkovitejša remediacija z daljšim časom ekstrakcije. Pokazalo se je da 
teţka tla, v večini primerov, potrebujejo daljši kontaktni čas. Tudi zaradi počasnega 
delovanja kinetike CaEDTA (kemijska kinetika) se je daljši ekstrakcijski čas pokazal kot 
bolj učinkovit za odstranjevanje nevarnih kovin iz tal. Po remediaciji s CaEDTA je pH tal 
ostal nespremenjen. Remediacija s 3 M HCl je bila zelo učinkovita za zmanjšanje 
biodosegljivih koncentracij kovin, hkrati pa zelo destruktivna za tla. Tla po remediaciji s 3 
M HCl so imela povprečen pH 3. Uporaba kisline za čiščenje je povezana tudi z dodatnimi 
stroški: kemikalij za nevtralizacijo tal ter stroški velikih količin kisline za remediacijo.  
Ločitev finih frakcij z vodnim sejanjem je bila učinkovita samo za vzorce 1, 6, 8, 10 in 13, 
ki so vsebovali več kot 50 % peska, ne pa tudi za ostale vzorce, ki so vsebovali velike 
količine gline in melja. S stabilizacijo tal smo uspeli zmanjšati biodosegljivosti kovin,  
njihova skupna koncentracija pa je ostala enaka. Ob spremembi pogojev v tleh bi te kovine 
spet lahko postale mobilne. Potreben bi bil stalen monitoring tal, s čimer se tudi povečujejo 
stroški. Zadnja kombinirana metoda  CaEDTA z 72 h ekstrakcijo in nato stabilizacija z 
apatitom je bila skoraj tako učinkovita kot sama stabilizacija ali sama remediacija s 
CaEDTA. Glede na to, da je učinkovitost skoraj enaka, je ta kombinirana metoda predraga, 
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